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THE VEINS OF CASAPALCA, PERU. 
H. E. McCKINSTRY AND J. A. NOBLE. 
INTRODUCTION 


In connection with the present interest in zonal arrangement of 
mineralization, the Casapalca District affords unusual oppor- 
tunities for studying an instructive example. Here a single vein 
system has been opened up through a remarkable vertical and 
horizontal range. The structure of the country-rock and veins 
has been worked out and the sequence of mineralization studied. 
Development work was followed by one or the other of the 
writers during a period of ten years, so that there has been ample 
opportunity to check theories against actual results. 

Acknowledgments.—The writers are greatly indebted to Pro- 
fessors L. C. Graton and D. H. McLaughlin for their enthusiastic 
interest, and for suggesting many of the ideas here presented; to 
Messrs. J. D. Campbell and C. S. T. Farish, Superintendent and 
Assistant Superintendent at Casapalca, for facilities during the 
course of the work; and to the officers of the Cerro de Pasco 
Copper Corporation for permission to publish this paper. 

Location.—Casapalca is situated high in the central Peruvian 
Andes, just below the Continental Divide. The camp site and 
railway station lie in the bottom of the canyon-like valley of the 
Rimac River, a stream which at this point flows southward, but 
lower in its course swings to the west and, passing through Lima, 
enters the Pacific at the port of Callao. 

East of the town of Casapalca, Carlos Francisco, one of the 
peaks of the Western Cordillera, rises to an altitude of 17,000 
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feet, and it is in this mountain that the Carlos Francisco Mine 
has been opened. The name of one other mine needs to be borne 
in mind—the Aguas Calientes, so-called because flows of hot 
water have been encountered in the workings. It is a mile and a 
quarter south of Carlos Francisco on a continuation of the same 
general vein system. From a point lower down in the valley a 
tunnel three miles long cuts the vein system, which can be fol- 
lowed upward through connected workings for a vertical distance 
of 3,500 feet to the outcrop just below the summit of the peak. 


GENERAL GEOLOGY.1 


A thick series of redbeds is overlain by deep flows of extrusive 
porphyry, the whole compressed by Incaic? folding along north- 
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Fic. 1. Map of Central Part of Casapalca District. C.M., Carmen Mem- 
ber; 7.V., Tablachaca Volcanics; V.A., Veintiuno Andesite. 





1 For a description of the geology of Central Peru and reference to earlier works, 
see: McLaughlin, D. H.: Bull. Geol. Soc. Amer., vol. 35, pp. 591-632, 1924; also 
Informaciones y Memorias de la Soc. de Ing. del Peru, vol. XXVII, Feb., 1925. 
Steinmann, G.: Geologie von Peru, Carl Winters, Universitats Buchhandlung, 
Heidelberg, 1925, 448 pp. 

2 The post-Cretaceous orogenic movement which accomplished the first phase of 
the development of the Andes is termed Andean folding by Steinmann (op. cit.). 
The second phase (early Tertiary) he terms “‘ Incaic folding.” 
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west-striking axes, intruded by magma of intermediate composi- 
tion, cut by ore veins, and finally exposed by erosion. (Fig. 1.) 
The geologic column is shown in Table I. 


TABLE I. 
GeoLocic CoLuMN. 
Sedimentary and Extrusive Rocks. 


RECENT—Hot Springs Deposits, Glacial Deposits. 
QUATERNARY—Glacial Deposits. 
TERTIARY (?)— 
(Unconformity.) 
Rio Blanco Formatton.% 
Rio Blanco Volcanics. 
Tapachuarmi Tuff. 
Bella Vista Beds (thin limestone and shale interbedded with volcanics). 
Yauliyacu Tuff. 
Carlos Francisco Porphyry. 
Tablachaca Volcanics. 
(Unconformity.) 
Rimac Formation. 
Carmen Member (conglomerate, sandstone, shale, and limestone). 
Amygdaloidal flows (local). 
Casapaleca Redbeds (shale, sandstone, and some limestone). 


(Unconformity.) 
CRETACEOUS—Machay Limestone. 
Intrusive Rocks. 


TERTIARY: 





Taruca Porphyry. Victoria Porphyry and Veintiuno Andesite (sills prob- 
ably related to Taruca Porphyry). 


The history of sedimentation and vulcanism may be sum- 
marized briefly as follows: 

A long period of probably terrestrial sedimentation was fol- 
lowed by a prolonged period of volcanic extrusion. Preceding 


= Steinmann’s “ Rimac Formation” includes the redbeds and overlying volcanics 
of Western Peru. McLaughlin has suggested separating the volcanics under the 
name “Rio Blanco Formation” because of an unconformity. Steinmann considers 
the Rimac Formation, including the volcanics, Upper Cretaceous or Early Tertiary. 
(Review of G. Steinmann’s “ Geologie von Peru” by D. H. McLaughlin, Econ. 
GEoL., vol. 24, p. 667, 1929.) The present writers are responsible for the names 
of the local subdivisions of the two formations. 
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the volcanic activity, erosion was rejuvenated and produced a 
series of pebble and boulder conglomerates (Carmen Member). 
The vulcanism opened with eruptions of ash and thick lava flows 
that were mingled or interbedded with coarse sediments (Tabla- 
chaca Volcanics). Finally andesitic flows became predominant 
but were interrupted at one stage by limestone sedimentation 
accompanied by eruptions of volcanic ash. 

Since the principal ore deposits occur in the redbeds and the 
lower portion of the volcanics, we will describe only the Rimac 
Formation, the Tablachaca Volcanics, and the Carlos Francisco 
Porphyry. 

Sedimentary and Extrusive Rocks. 


Casapalca Redbeds—vThe lowest formation exposed in the 
immediate district consists of red sandstone and shale; 3,000 feet 
are known to be exposed. Toward the top, coarse limestone 
beds become more and more abundant and there appears a horizon 
varying in thickness from 150 or less to 900 feet (Carmen Mem- 
ber) in which lenses and beds of limestone and conglomerate 
predominate. A few small lenses of amygdaloid near the bottom 
of the Carmen Member mark the beginning of vulcanism. 

Tablachaca V olcanics.—Transitional in character between the 
conglomerate of the Carmen Member (on which it lies uncon- 
formably) and the overlying thick series of volcanics is a se- 
quence of flows and pyroclastics which includes a great variety 
of material; porphyry, andesite tuff, breccia, agglomerate, con- 
glomerate, sandstone, quartzite, and limestone, the volcanic rocks 
predominating. Some of the agglomerate beds are most striking, 
as the “ pebbles” range up to a foot or more in diameter. The 
thickness of this formation, which is about 200 feet in the north, 
increases rapidly southward to a measured 2,300 feet. 

Carlos Francisco Porphyry.—Passing upward in the extrusive 
series, the flows of red porphyry common in the Tablachaca 
Volcanics become less abundant, conglomerates disappear, and the 
predominant types are massive porphyry and porphyry breccia, 
which consists of angular fragments of porphyry, usually green- 
ish, in a matrix of reddish porphyry. The massive porphyry 
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beds are gray to greenish, locally bearing hornblende phenocrysts. 
Microscopic examination shows automorphic phenocrysts, I mm. 
to 4 mm. long, of feldspar ranging in composition from albite 
through oligoclase to andesine. The feldspar is highly sericitized 
even where remote from veins. The ferro-magnesians are usu- 
ally altered beyond recognition and are now represented only by 
blotches of chlorite, calcite, and residual magnetite. The ground- 
mass is mainly very fine-grained but contains some feldspars up 
to O.I mm. in length in trachytic texture, with opaque interstitial 
material (limonite?). 

Some of the porphyry may be intrusive. The thickness of 
the formation where measured is about 1,300 feet. 


Intrusive Rocks. 


All the intrusive rocks of the district are similar chemically, 
but differ in texture and amount of alteration. All are inter- 
mediate in composition and characterized by high soda content. 
As would be expected, the coarser-grained and more acid types 
occur in stocks and laccoliths, and the finer and more basic types 
are in dikes and sills. 

Taruca Porphyry.—FParticularly in the northern and eastern 
part of this district there are stocks, sills, and dikes of grayish 
green medium-grained porphyry, consisting of blocky white to 
greenish feldspars and elongated hornblende laths in a gray 
groundmass. Quartz is rare. 

Thin sections show a trachytic groundmass (60 per cent. of 
the volume) which consists of somewhat sericitized feldspar 
microlites (oligoclase-albite) with small grains and shreds of 
hornblende sparingly distributed. There is some magnetite in 
small rounded to euhedral grains. 

Of the phenocrysts, feldspar is about twice as abundant as 
hornblende. Quartz is minor in amount, usually under 5 per 
cent. The feldspar is oligoclase-albite with coarse albite twinning 
and a slight tendency to zonal structure. The phenocrysts are 
somewhat elongated and are partially sericitized. The horn- 
blende is greenish yellow, showing fairly strong pleochroism in 
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olive green tones. The crystals are decidedly elongated and 
some are euhedral. Small apatite crystals are included in the 
hornblende. 

The rock, therefore, consists essentially of albite-oligoclase 
and hornblende, i.e. acid plagioclase and amphibole with minor 
quartz. This might be called an albite-diorite or a soda-syenite, 
depending on the rock classification used. 

Veintiuno Andesite—A number of sills of dark fine-grained 
intrusive are found in the redbeds. Stocks of similar material 
(mapped as Victoria Porphyry) are intruded into the Casapalca 
formation in the northwestern portion of the area. 


Structure. 


The rocks of the district were involved in the last great orogenic 
movement (Incaic) which affected the Andes and which expressed 
itself in folding along northwest axes (Fig. 2). Typical of 
this regional structure are overturned folds which pass along 
their strike into thrust faults. Locally a broad anticline arches 
over the Rimac Valley and passes eastward into a syncline under 
Carlos Francisco peak. Between the anticline and the syncline 
the dips are steeply eastward and in places overturned. 
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Fic. 2. Section across Casapalca District looking northeast. bvl, 





Bella Vista Limestone; tv, Tablachaca Volcanics; cc, Carmen Member; 
cfp, Carlos Francisco porphyry; tp, Taruca porphyry. 

OreE DEposits. 

Vein Structure. 


The main vein system extends north and south (or more ac- 
curately N. 40° E.). Branching from the main (Carlos Fran- 
cisco-Aguas Calientes) system from points between the two 
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mines, two other veins make off to the eastward—the Bella Union 
and the Carmen (Fig. 1). Toward the hanging-wall, or west- 
ward of the main zone and more or less parallel to it, is another 
less important vein (Rayo). All the veins have general north- 
west dips. 

Although a few cross-faults have received minor mineraliza- 
tion, the major faults are unmineralized. The veins cut at an 
acute angle across the northwest-trending regional structure, 
passing from the redbeds into the overlying extrusive porphyry. 
Although they are productive in both formations, there is some 
difference in their physical nature in the differing types of wall- 
rock. 

In fracturing, the porphyry has evidently behaved as a brittle 
rock and the veins in it are intricate and branching, but the red 
shale has yielded to plastic deformation, and through-going frac- 
tures have formed only where the stress has been particularly 
strong. In fact, the only important vein that extends far into 
this formation is along a fault fissure of some 300 feet displace- 
ment. One outlying vein (the Carmen), which within a short 
distance passes through three different formations, illustrates 
particularly well the physical effects of wall-rock; in the Carmen 
Member, whose hard conglomerate beds appear to have been 
particularly easily broken, it is widest; on passing into shale the 
veins pinch to narrow slips; on entering the porphyry they split 
into intricately branching stringers, rich but narrow. 

Depth also appears to influence the type of fracturing; the veins 
are more regular on the lower levels and more complicated near 
the surface. 

In the porphyry of the Carlos Francisco Mine, the veins lie 
in en echelon or overlapping relation to each other (Figs. 3 and 
4), locally termed “shingle structure.” Where the hanging- 
wall “ shingle” dies out downward, it is usually connected with 
the footwall vein by a vertical vein, which may be wide and rich. 
In some cases the “shingles” are “reversed”; that is, the 
footwall vein is the one that dies out, and in this case there is 
usually no strong connecting vein. This type of structure is 
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shown not only in the broad relations of the large veins, which 
may be several hundred feet apart, but also in the minor branches 
ef the individual veins. It is seen in plan as well as in section; 
where the offset is to the left, there is usually a northward-strik- 
ing connecting vein between the two northeast veins; where the 
offset is to the right, there may be no important connection. 
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Fig.3 Fig-4- 

Fic. 3. Vertical cross-section of Main Vein System, looking north; to 
show overlapping of veins and vertical connecting branches. 

Fic. 4. “Shingle Structure” reversed from that shown in Fig. 3, con- 
necting vein lacking. Southern part of Carlos Francisco Mine. 


Near the junctions of these splits the veins are particularly 
wide. Vertical portions of the veins are commonly strong, but 
portions flatter than 50° are mostly too narrow to mine. 

There has been little post-vein movement. The only fault of 
any consequence is one in the Carlos Francisco Mine which offsets 
the vein a maximum of about 100 feet. 
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Types of Vein Filling. 


The vein-matter consists mainly of quartz-carbonate gangue 
with pyrite, sphalerite, galena, and tetrahedrite, but the propor- 
tions and textures of these minerals are far from uniform and 
a number of intergrading types of mineralization occur. A vein 
may change along the strike from one type to another, or two 
or three types may occur in streaks side by side in the same vein. 

1. Pyrite, with or without quartz gangue. The pyrite is 
usually massive but may contain vugs and where crystallized 
generally occurs in pyritohedrons. 

The walls of this type of vein are for the most part not well 
defined, as vein-matter replaces wall-rock in grains and veinlets 
along the margins. The pyrite may be accompanied by a white 
quartz gangue, which often shows comb structure in elongated 
vugs. A little chalcopyrite may be present. 

2. Coarse-grained pyrite-sphalerite-galena with little gangue or 
with clear quartz. Where vugs occur, they are likely to be 
elongated and show comb structure of quartz. This type of vein 
is likely to be “‘ tight,” however. 

3. Fine to medium-grained sphalerite-tetrahedrite-galena vein, 
with or without pyrite. This type may be entirely without 
gangue, in which case it is commonly confined between gouge- 
walls and is narrow. Quartz, however, is usually present as 
small crystals in vugs. Crystals of sphalerite are common, 
galena, less common, and tetrahedrite, rare. Some vugs may be 
lined with bournonite crystals. 

4. Sphalerite-tetrahedrite-galena (pyrite) in carbonate gangue. 
The carbonate is white cleavable calcite, manganiferous calcite 
and rhodochrosite. Quartz may be present in minor amounts. 

5. Fine-grained galena-sphalerite (pyrite). This type of vein 
is “ tight,” i.e. free from vugs, and replaces wall-rock in stringers. 

6. A type entirely distinct from the others, and probably of 
a later stage. It consists of botryoidal calcite and gray cherty 
quartz showing tiny crystal vugs. Stibnite and realgar com- 
monly occur. 

Occurrence of Types. 





Except for type 6, none of these varie- 
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ties of vein-matter cut one another. They may exist side by 
side in the same vein with no distinct line of demarcation between 
them. No one type has a consistent preference for the hanging 
wall or footwall. Some of the types are characteristic of certain 
portions of the district, as will later be pointed out under Zonal 
Arrangement. 

Micro-texture and Mineral Sequence.—Broadly speaking, the 
order of deposition of minerals was as follows: Gangue minerals 
(quartz and carbonates), pyrite, sphalerite, galena, tetrahedrite. 
bournonite. There is, in places, a late generation of quartz, and 
quite commonly a late tufting of calcite upon the sulphides. 

Calcite, manganiferous calcite, and rhodochrosite are mostly 
earlier than quartz, which commonly replaces them in strings of 
‘euhedral grains. Quartz cuts the wall-rock in stringers and 
veins that may exhibit comb-structure and contain crystal-lined 
vugs. Thin sections show clusters of moderately coarse quartz 
grains replacing the wall-rock. 

Sulphides in the vugs may be perched on the quartz crystals 
but commonly replace the wall-rock behind the quartz. Pyrite 
in cubical crystals develops by replacement within grains of quartz 
and carbonate. Sphalerite corrodes the prisms of the quartz and 
replaces grains interstitially. It rounds the cubic pyrite crystals. 
The dark variety of sphalerite invariably contains the familiar 
chalcopyrite blebs, but the resin-colored variety is free from them. 

Some of the galena, at least, is later than the sphalerite, al- 
though the boundaries are usually rounded and non-committal 
as to order. In many instances, galena replaces sphalerite in 
“‘ sea-and-island texture,” and rare veinlets cut the blende. In 
one case sphalerite corrodes and replaces the lower part of a 
quartz crystal, and galena, which partially replaces the sphalerite, 
is molded around the terminal pyramid of the quartz, suggesting 
that galena was deposited in a vug, attacking the sphalerite but 
not the quartz. Galena may traverse pyrite crystals. It has also 
been observed surrounding pyrite grains and sending out veinlets 
into inclosing carbonate. 

Tetrahedrite clearly replaces sphalerite. It fills irregular frac- 
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tures which separate islands of blende from the main mass of 
the mineral ; it tends to seek out the boundaries between sphalerite 
and pyrite and to form irregular veinlets in such places. It 
replaces carbonate gangue directly and, in the Aguas Calientes 
ore, is altered to chalcopyrite along the margins. 

The replacement textures of sphalerite by galena and by tetra- 
hedrite differ, the tetrahedrite tending to confine itself more 
closely to fractures and boundaries whereas the galena exhibits a 
more strongly replacing action, forming rounded contacts, and 
“ sea-and-island texture.” 

There is a late generation of carbonate gangue which commonly 
carries tetrahedrite. In polished section, veinlets of gangue are 
seen to cut the older sulphides, but rhombohedral grains present 
ragged boundaries to the surrounding tetrahedrite, suggesting 
that some tetrahedrite came along with and slightly later than 
this carbonate. 

The tetrahedrite for the most part can be etched by KCN and 
this, coupled with its high silver content, indicates that it is 
mainly the variety freibergite. 

Bournonite is commonly associated with the tetrahedrite, and 
its characteristic position is in a band of irregular width lying 
between galena and the gray copper. Its color resembles that of 
the tetrahedrite but it can be distinguished readily under the 
polarizing microscope by its beautiful twinning bands. The 
common position of bournonite between galena and tetrahedrite 
together with its chemical composition, (Pb Cu.); Sb. Se, sug- 
gests that both minerals may have contributed material to its 
formation. 

Beautiful vug linings show well the relationships of some of 
the minerals, the sequence in general checking that inferred from 
microscopic criteria. Some of the open cavities in the Carlos 
Francisco Mine are a foot or more wide and measure ten feet or 
more lengthwise. They are lined with quartz, calcite, sphalerite 
and bournonite, all well crystallized.* Although in some cases 
the crystals of galena and bournonite are intergrown as though 


4 For further description of mineralogy see McKinstry, H. E.: Amer. Min., vol. 
12, No. 2, 1927. 
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they had started out from different centers and interfered with 
each other, there are also crystals of both tetrahedrite and bour- 
nonite that rest upon the galena. In some vugs the early sul- 
phides, galena and sphalerite, are pitted and etched but the tetra- 
hedrite and bournonite are fresh. Occasional pyritohedrons of 
a late generation of pyrite rest on the sphalerite. WVugs from the 
Aguas Calientes mine showing similar etching of galena and 
sphalerite contain tetrahedrite crystals entirely coated by chal- 
copyrite. Bournonite in these specimens is unetched but bears 
a dusting of minute pyrite crystals. Tiny quartz crystals rest on 
the coated tetrahedrite but not on the bournonite. In fact one 
bournonite crystal clearly grew around one of these quartz 
crystals. 

Thus it appears that, following the main period of deposition 
of sphalerite, galena, and tetrahedrite there was a stage during 
which the sphalerite and galena were etched and chalcopyrite and 
quartz were deposited on the tetrahedrite. Following this, bour- 
nonite and still later pyrite were deposited. This sequence in- 
dicates that the etching and chalcopyrite deposition were hypogene, 
a conclusion which is supported by the observation of corroded 
sulphides on the 1,900-foot level of the Carlos Francisco Mine, 
far below the natural water-table. 

In portions of the lower levels, chalcopyrite is fairly common 
in veinlets cutting pyrite and along margins of sphalerite veins. 
apparently, but not certainly, replacing the blende. Elsewhere 
chalcopyrite is sparse. The blebs in sphalerite, crusts on tetra- 
hedrite, and microscopically visible films outlining tetrahedrite 
crystals are quantitatively insignificant. On the upper levels 
(200 ft. and above) occasional chalcopyrite veinlets cut sphal- 
erite, tetrahedrite, and quartz and are accompanied by a little 
covellite. Such textures are not known on the deeper levels 
and are probably supergene. 

A reconstructed sequence of mineralization is as follows: 
Gangue Minerals: quartz, calcite, manganiferous calcite, and 
rhodochrosite; Pyrite; Sphalerite; Galena; Tetrahedrite (and 
chalcopyrite?) ; Quartz; (Chalcopyrite) ; Bournonite; (Pyrite) ; 
(Quartz) ; Calcite. 
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The minerals included in parentheses have been observed in 
a few places at the indicated position in the succession but do not 
constitute important stages of deposition. The order, especially 
in the repetition of pyrite and quartz, probably varied somewhat 
from place to place and there was considerable overlapping in the 
time of deposition of the sulphides. The simpler and more 
generalized sequence at the beginning of this section, however, 
was quite consistently followed. 

Except for a minor portion of the chalcopyrite on the upper 
levels and a trace of covellite, no secondary sulphides have been 
observed. There are, of course, oxidized minerals at the im- 
mediate outcrop and along fractures in the upper levels, but 
supergene processes have played no part worthy of discussion. 


Wall-Rock Alteration 





Wall-rock near the veins shows alteration consisting essentially 

of silicification and sericitization. Where alteration is intense 
it is practically impossible to distinguish between redbeds, tuffs, 
and porphyries without microscopic study. Even the conglomer- 
| ate of the Carmen member cannot always be recognized. 
In Carlos Francisco Porphyry and Taruca Porphyry.—The 
| chemical and mineralogical similarity of these two rocks causes 
| them to alter similarly. The hornblende is the first mineral 
attacked and even remote from veins well preserved hornblende 
crystals are rare. Hornblende is replaced by chlorite and calcite. 
The feldspars are sericitized, those in the groundmass succumb- 
ing first. The groundmass becomes an aggregate of calcite and 
sericite spotted with iron stains. Quartz is introduced and tends 
to congregate around the old hornblende phenocrysts. 

The extreme product of alteration is finely granular white 
rock with flaky fracture and cut by pyrite stringers. The feld- 
spar phenocrysts cannot be distinguished macroscopically. Epi- 
dote is absent. This rock consists of highly sericitized pheno- 
crysts in a groundmass of fine-grained quartz, sericite, and 
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feldspar-remnants. Small angular patches of calcite represent 
hornblende. Pyrite is present in irregular grains, sometimes 
elongated, suggesting that the mineral had started its growth as 
veinlets but had enlarged its areas by replacement. Sericite flakes 
follow irregular stringers. 

There are a few veinlets of calcite and adularia with some 
quartz. Quartz also develops large irregular grains. Small rods 
of a prismatic material (straight extinction, negative elongation. 
low birefringence), possibly zoisite, are scattered here and there. 

In many places, particularly in the south end of Carlos Fran- 
cisco, a pink phase of altered rock appears. This is fine-grained 
and porcelain-like, breaking with a subconchoidal fracture. Mi- 
croscopically it consists of a groundmass mainly of sericite, with 
scattered quartz grains. Epidote occurs in irregular patches and 
pyrite in shapeless grains, commonly carrying inclusions of 
quartz. 

With increasing distance from the vein, epidote begins to ap- 
pear and feldspar phenocrysts begin to be visible macroscopically. 
This less altered type shows, in thin section, feldspars only 
slightly sericitized and groundmass fairly fresh. Ferromagne- 
sians are completely altered to chlorite and epidote. Magnetite 
is absent but pyrite grains arranged in stringers traverse the field. 

In general, the sequence on going away from the vein is: 


1. White, granular, pyritized, 1 to 30 feet. 

. Pink, granular, with some epidote, 0 to 30 feet. 
3. Green, epidotized with some pyrite, 0 to 30 feet. 
4. Purplish, little-altered porphyry. 


to 


In the south end of the Carlos Francisco mine the altered zone is 
in places as much as 150 feet wide. In the north end, or farther 
from the center of the district, the green and purple types may 
occur within a few centimeters of the vein. 

To summarize: intense alteration consists of sericitization with 
pyritization and silicification. Less intense alteration is propy- 
litic (calcite, chlorite, epidote, and some sericite and pyrite). In 
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the “green” stage, propylitic alteration continues with some 
sericitization and a little pyritization but with very little silicifica- 
tion. 

In Redbeds.—The most intensely altered phase of this forma- 
tion is associated with the silver-leaner portions of the veins be- 
tween the Aguas Calientes ore bodies and the Carlos Francisco 
shaft. The original red color is bleached and the rock is silicified 
over a width of 100 feet from the vein. Pyrite is developed both 
in stringers and in isolated cubes. The rock becomes an aggre- 
gate of quartz and calcite veins with interstitial epidote and 
zoisite. The original rounded quartz grains of the sediment are 
often built out by addition of hydrothermal quartz. Pyrite may 
replace quartz in cubes or mold itself around the grains. 

Adjoining the richest parts ‘of the vein (the ore bodies in 
Aguas Calientes) the alteration is much less intense. In some 
places the rock is bleached for as much as thirty feet from the 
vein; in others, the vein walls and even inclusions within the 
vein are not strongly silicified. There are places within five feet 
of the vein where the shale is still red and unbleached. One 
striking variety of the milder sort of alteration produces a green 
mottling due to epidote. 

In Carmen Member.—In their most intense phase of alteration 
the conglomerate beds are so strongly silicified that the pebbles 
cannot be distinguished. The limestone beds alter to fine-grained 
marble. 


Zonal Arrangement 


The Principal Deposits—The center about which the different 
types of mineralization and wall-rock alteration are arranged in 
a rudely symmetrical way is at depth between the Aguas Cali- 
entes and Carlos Francisco Mines; above this the alteration is 
broadest and most intense. Northward and southward from this 
center there is a gradual but definite change in mineralization 
accompanied by increasing feebleness of alteration: 


35 
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Near “Center” of Zoning North and South of “ Center ” 


a. Ore: Pyrite, abundant sphaler- a. Ore: Pyrite (subordinate), 


ite, much or little galena, little sphalerite, galena, often much 
or no tetrahedrite. Chalcopyrite tetrahedrite. Chalcopyrite 
common. sparse. 

b. Gangue: Quartz greasy or 6. Gangue: Quartz in small clear 
glassy, white to yellowish. No crystals, usually with prism 
rhodochrosite. In places some faces free; carbonates usually 
calcite. present (calcite and rhodochro- 


site, mamillary or cleavable). 
Gangue in excess of ore min- 
relatively high. erals (except in certain rich 
stringers). 
d. Texture relatively coarse (on d. Texture relatively fine (on the 


c. Proportion of sulphide to gangue 


tu 


the order of 2 cm.). order of 2 mm.). 
e. Silver content rather low but e. Silver content high (though the 
lead and zinc locally high. veins are in places too narrow 


to mine). 


Thus, referring to the types of mineralization previously listed, 
the highly pyritic phases (1 and 2) accompany the intense wall- 
rock alteration on the south end of Carlos Francisco. Types 3 
and 4, high in tetrahedrite, accompany milder alteration; type 
3 being characteristic of portions of Carlos Francisco where the 
dip is steep, and type 4 being characteristic of the ore bodies of 
Aguas Calientes. In the latter mine the tetrahedrite carries a 
higher average in silver than the corresponding type in Carlos 
Francisco. 

The Casapalca veins show lateral zoning in a more conspicuous 
fashion than vertical zoning. Continuous workings for more 
than two miles on the same vein system and substantially the 
same level show a transition from pyritic deposits near the center 
to rich tetrahedrite in each direction. In one direction they con- 
tinue on to barren carbonate gangue with a little stibnite and 
barite; in the other direction the carbonate gangue zone has not 
been reached on the lowest levels, but on a level goo feet higher 
more extended workings have encountered it and stibnite begins 
to come in. Although the vein system is opened up through a 
vertical range of over half a mile, the carbonate gangue zone does 
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not appear above the supposed center of deposition, and though 
there is an increase upward in the silver content of the tetrahedrite 
with decrease in pyrite along with a tendency to finer texture of 
the ore, the change is less marked than in a corresponding dis- 
tance horizontally. 

Horizontal vs. Lateral Zoning.—Here obviously the tempera- 
ture gradient expressed in the zoning was due essentially to the 
heat of the mineralizing solutions.° Were the zoning due to the 
normal increase of temperature with depth, one would expect 
the zones to be essentially horizontal. The facts, however, point 
to an arrangement of zones around the largest and most abundant 
channelways for the ascent of ore solutions and indicate that, 
insofar as the zoning is due to temperature gradient, the heat was 
supplied by the solutions themselves. If it were possible to add 
to the section shown in Fig. 5 the portions of the vein-system 









/ 


NTERMEDIATE ZONE 


, 

7 Quartz, some Calcite Pyrite 
OUTER 7 Sphelerite, Golenc,Terra- 
Quortz and Calcite / hedrite, Bournonire 
Pyrite, Tetra- / High Silver 4 


heagrite, Sribnire,’ 
Realgar, Spotty’ 
Silver / 


; 4 Quartz, Pyrite, ‘\ Minerstizotion asin ‘| Botryoréel Celcite 
/ 4 Sphoterite, Galena, \ 

f cen Silver " \ Intermediste Zone and Stibnite begin 
/ 


\ 
\ with more Calcite, \ fo eppecr 
id a \ lese quartz. some \ 





Present /Lowesr Level \ Rhedochresire ‘ 
' 





Wooo rtrr ‘ 








Fic. 5. Longitudinal Section (looking east) along Main Vein System 
showing zonal relations. The southern portion is along Aguas Calientes 
vein, which is nearer the observer than the plane of M-vein. 


which erosion has removed, a flattening of the zones near the 
original surface would be expected. Since there is no hint of 
this in the now-visible portion of the vein-system, a contemplation 
of Fig. 5 suggests that the area labelled “intermediate zone” 
extended at least 1,000 feet, and probably more, above the highest 
exposures and that this was covered by an unknown thickness 
of the “ outer zone.” 

5 The heat due to mere proximity of intrusions without the aid of heat transfer 
by solutions is probably small, since the thermal conductivity of rocks is low. See 


Ingersoll, I. R., and Zobdei, O. J.: Theory of Heat Conduction with Engineering 
and Geological Applications, 1913. 
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Outlying Deposits—Away from the central portion of the dis- 
trict which has just been described, a number of outlying mines 
and prospects show mineralization of several somewhat differing 
and probably milder types, accompanied by less intense wall-rock 
alteration. 

From one to three kilometers to the east there are three small 
deposits : 


a. Intricately branching narrow, rich, vuggy veins of the cooler Carlos 
Francisco type, with much bournonite and some stibnite. Ruby 
silver and argentite have been reported (San Antonio Mine). 

b. Cleavable carbonate veins with pyritohedrons, and tetrahedrite in clear- 
cut little tetrahedrons perched in the vugs (Americana mill). 

c. Gash veins of sphalerite, chalcopyrite, and a little tetrahedrite, with 
barite and cleavable carbonate in mildly altered porphyry (Capri- 
chosa Mine). Mineralization of the same type is found also on 
the opposite side (i.e. to the west) of Casapalca. 


To the north of Casapalca occurs still another type of de- 
posit. In line with an extension of a vein of the main system 
(Rayo), the Corina Mine is in a stockwork of interlacing narrow 
stringers in little-altered porphyry. The gangue (quartz-calcite) 
is subordinate. The quartz is replaced by tiny crystals of arseno- 
pyrite, and the two are replaced by sphalerite. Within the sphal- 
erite and apparently replacing it, as well as forming matted ag- 
gregates around it, are slender needles of boulangerite. 

To the south, veins in the Bella Vista limestone carry barite 
and manganese dioxide (probably an oxidation product after 
rhodochrosite) with the same sulphides as those of the Casapalca 
veins. The appearance of barite suggests that these small de- 
posits are related to the cooler phase of mineralization occurring 
in the southern end of the Aguas Calientes mine. 


Origin. 


Source—The ore of the main Casapalca veins cannot be 
certainly referred to any exposed igneous intrusion. In fact 
the zonal arrangement points to a magmatic source deep below 
the present surface. 
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There is a slight localization of small veins and altered areas 
around some of the smaller stocks and sills. Around the larger 
stocks the association of veins is less definite. In fact the 
through-going veins cut through the stocks with no consistent 
change in mineralization. In the adjacent district of Morococha, 
the ore is believed to have come from an intrusive later and 
slightly more acid than that corresponding to the Taruca porphyry 
but sufficiently similar chemically to suggest that the two are 
genetically related. This later intrusive is not exposed in the 
Casapalca district but may occur in depth. 

The mineralization at Casapalca is of lower temperature than 
that of Morococha (where the early phases are of the contact- 
metamorphic type) and would suggest that it formed well above 
the apex of an intrusive instead of adjacent to it. 

The main fractures that have been mineralized are later than 
the regional folding and not directly related to it. They may 
have been formed in readjustments following the folding and 
intrusion. In the fractures, gangue and sulphides have been 
deposited continuously and progressively in a fairly definite se- 
quence. At a late stage portions of the veins were re-opened 
and a generation of carbonates and quartz deposited. Hot water 
is still encountered in portions of the mine lying above the sup- 
posed center of zoning and, before the flow was tapped by mine 
workings, was issuing at the surface and depositing calcite, 
suggesting that open fractures still reach to the vicinity of a 
warm intrusive and that the feeble dying phases of mineraliza- 
tion may still be going on. 

Age of Ore Deposition—tThe veins cut the volcanics and are 
later than Tertiary (Incaic) folding. Material of the magma be- 
lieved to be responsible for the ores is petrologically quite similar 
to that of the flows, and on regional evidence, the emplacement of 
the intrusives is inferred to have followed folding but to have 
been connected with the same orogenic movements. 

There is also definite regional evidence that mineralization of 
this type was earlier than the formation of the Puna erosion 
surface at the close of the Pliocene. 

Temperature and Depth of Mineralization—The obviously 
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epithermal realgar-stibnite-bearing mineralization is clearly a 
late phase and not a safe criterion of the conditions under which 
the main ore deposits were formed. Nevertheless there is a 
gradation at the outer edges of the district from the standard 
types of ore into vein-filling that carries botryoidal calcite with 
stibnite and appears to be transitional toward this late phase. 
The mineralization as a whole has many points of similarity to 
that of the San Juan veins of Colorado and the widespread pres- 
ence of rhodochrosite and tetrahedrite are suggestive of a fairly 
low-temperature origin. On the other hand, lack of fine band- 
ing and crustification, predominance of sericitic rather than pro- 
pylitic alteration, and absence of abundant adularia, as well as 
the transition near the center into coarse pyrite-blende veins link 
the ores with those formed at intermediate depths. In some re- 
spects, the mineralization resembles that of the silver-zinc zone 
of Butte, Montana. . It is concluded that the deposits straddle 
the indefinite boundary between epithermal and mesothermal de- 
posits. They would be included in the class for which Graton 
has proposed the name “ leptothermal.”’ © 

Structural evidence is pertinent insofar as one is justified in 
assuming that mineralization immediately followed folding. On 
this assumption erosion, in order to have exposed the present 
highest outcrops must have removed not only the major part of 
the Carlos Francisco volcanics (1,300 feet thick) but a great 
thickness, estimated as at least 10,000 feet, of the younger flows 
of the Rio Blanco formation, all of which were involved. in Incaic 
folding. Actually some of this thickness was doubtless eroded 
before ore deposition took place. Thus, while it would not be 
inconsistent with what is known of the rock-structure to assign 
an original depth well in excess of 10,000 feet to the highest 
known portions of the veins, the evidence for so large a figure 
is not compelling. Zonal arrangement, however, suggests that 
the minimum depth was a thousand, or, more likely, several 
thousand feet. 

One figure, at least, is definite: there are ores of the tetrahedrite 


6 Graton, L. C.: ‘‘ The Depth-Zones in Ore Deposits.” Pres. Address, Soc. Econ. 
Geol., Tulsa Meeting, 1931. 
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type (i.e. those of the lower workings) which were formed at 
a depth of not less than 3,500 feet, for they now lie at that dis- 
tance below the outcrop.‘ How much deeper than this they 
were at the time of formation can be inferred only in a general 
way by adding to this the indefinite range suggested above. 


SUMMARY, 


The ore at Casapalca occurs in veins that follow fractures in 
several kinds of wall-rock, and the differing physical nature of 
the rock is clearly reflected in the vein structure. In plastic shale 
through-going fracturing took place only under exceptional stress ; 
in the more brittle conglomerate many small fractures developed ; 
and in the porphyry, stress produced an intricate system of 
branching vein-fissures. In this branching system, the broadest 
portions of the veins are along definite directions of dip and 
strike and the broadest zones of mineralization are found at the 
junctions of fractures where the rock would have been most 
strongly brecciated. At deeper horizons below the zone of easiest 
fracturing, the fissures are more regular and are less influenced 
by physical nature of wall-rock. 

The rock alteration is most intense about a certain center, 
and here the veins are broadest. Corresponding with the intense 
rock-alteration is the type of mineralization in the veins which 
is believed to have formed under the conditions of highest tem- 
perature and pressure. Passing upward and in both directions 
outward from this center there is a decrease in intensity of 
alteration and a corresponding change in texture and mineral 
content of ores. Cutting the earlier mineralization there is at 
one place a vertical zone of mammillary calcite with realgar and 
stibnite. 

On a regional scale boulangerite, stibnite, and barite appear 
in the outlying mines a kilometer or more from the center of the 
district. 

Almost every gradation may be traced, from the coarse pyritic 


7 The present Rimac Valley was cut during two topographic stages, both later 
than the Puna Peneplane which, in turn, is younger than the mineralization. 
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ore through the mammillary carbonate gangue to the calcareous 
tufa now being deposited by the nearby hot springs, and hot water 
is still encountered in deep central parts of the workings. 

Corresponding to the zonal sequence of deposition, the ore 
minerals in any one locality show a time-series from pyrite and 
sphalerite through galena and tetrahedrite to late calcite. 

The replacement textures are in general of the “ sea-and- 
island” type showing smooth rounded boundaries, and the walls 
of veinlets are irregular rather than parallel. 

Conditions of deposition are believed to have ranged from mild 
mesothermal to epithermal at depths of several thousand feet. 
Mineralization followed the last of the great periods of folding 
and intrusion which formed the Andes (early Tertiary) but 
preceded Pliocene erosion. 

TIMMINS, ONTARIO, 


AND 
Leap, S. D. 
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THE EFFECT OF GEOPHYSICS ON THE DEVELOP- 
MENT HAZARD IN GULF COAST OIL FIELDS. 


E. E. ROSAIRE AND M. E. STILES. 


ABSTRACT. 


An index of hazard is proposed for the development of Gulf Coast oil 
fields in terms of the average number of exploratory wells chargeable to 
the producing domes in any class. 

Indices of hazard are first calculated for the non-geophysically dis- 
covered Gulf Coast domes with more than nine development years. 
These indices are found to be much greater than the corresponding 
indices of hazard for the geophysically discovered domes. Of par- 
ticular interest are the minimal indices of hazard for the very deep 
domes in both the geophysical and non-geophysical classes. 

It is concluded that the geophysically discovered domes show by far 
the lower indices of hazard, and that for the very deep domes remaining 
to be discovered (by geophysics) the indices of hazard will be no greater 
than in other petroliferous provinces now in greater favor. 


GENERAL. 


Tue Gulf Coast province, characterized by salt domes and as- 
sociated oil fields, has been regarded as perhaps the most specula- 
tive of the oil-producing areas in the United States. The possible 
rewards are very high, since the yields per acre at Spindletop, 
Jennings, and West Columbia have rarely, if ever, been exceeded 
elsewhere. On the other hand, the extremely limited extent of 
these prolific areas raised the hazard of exploration to such a 
degree that the whole province has been considered very un- 
favorable for wildcatting in these days of flush production from 
East Texas. It is our purpose to evaluate this hazard, and de- 
termine to what extent it exists today. 


THE INDEX OF HAZARD. 


Obviously, since an oil field of any size requires an appreciable 
time for drainage, and since one well is rarely sufficient for this 


523 











524 E, E. ROSAIRE AND M. E. STILES. 


recovery, it is logical to break this hazard down into natural 
component parts. In other words, a wildcatter gambles first on 
securing commercial production; and second, on ultimate recov- 
ery. Therefore, we have attempted to set up indices of hazard, 
considering first the chance of winning; and, second, the size of 
the stake in wager. 

In order to get data which would permit the calculation of 
both indices, we have, in the first part, limited the domes studied 
to those with more than nine years of development. In the 
second part, these established indices, which probably closely 
approximate the present conceptions of existing hazards, are 
compared with similar indices now being established for the 
geophysically discovered domes, which naturally are still closer 
approximations to the hazards actually existing today. 

Since no oil field in the Gulf Coast has been. proven not to be 
associated with a salt dome, we have taken the liberty of labelling 
as such any (Gulf Coast) discovery by the drill, of caprock, salt, 
commercial production of oil and (or) gas, or a recognized sub- 
surface uplift. The purpose of this analysis does not require a 
defence of such a classification, which effects a simplification in 
discussion. 

As long as the number of dry holes is a pertinent item in annual 
reports, we feel justified in using the dry hole rather than the 
dollar as an index of hazard. That is, we are using a psychologi- 
cal index to measure a psychological hazard, a plan which has at 
least an appropriate ring. 

To make up this index of hazard we have used as an index of 
winning (or losing) the number of wells required to establish 
commercial production. As an index of the stake at wager, we 
have used the ultimate production. Objections can be raised to 
the method of combination proposed, but in our opinion, the 
average number of exploratory wells charged against each field 
with an ultimate production of more than ten million barrels is a 
simple and not too misleading index of hazard for the first well 
which must necessarily be drilled on any oil field. Obviously, 
the cost of development after the discovery well has been omitted, 
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a factor which is frequently of prime importance; but the index 
of hazard we propose must always receive firs consideration. 
PART I. 
The Indices of Hazard for the Non-geophysically Discovered 
Domes with More than Nine Development Years. 
In Table I are given the total figures for this group of Gulf 
Coast domes with nine or more development years. 


TABLE I. 


Total with nine or more development years................. 47 0r 100% 
INGE EE DEOGICIIG oo. 5 oie ois oioe os 9 sSs. Sas Sslsep 05.0 56 aoe 6s HeeIee 33 or 70% 
Number producing more than 1 million barrels.............. 240r 51% 
Number producing more than 10 million barrels............. I5 or 31.90% 
Number producing more than 100 million barrels............  20r 4.3% 


The distribution of these domes in depth, and the corresponding 
data, are shown in Table IT. 
TABLE II. 


; 0 500 | 1000! 1500 | 4000) 5500 
Depth to caprock or salt 500 | 1000 | 1500] 2000 Es _ 















































pS pir ve: gee we: (0): |. -—— oe | 20 731.24 3 g 6 
Number of domes producing. ..................-- 50.) 22 3. ]. 3 f 5 
Number producing more than 1 million barrels......| 6 7 2 | 3 14 3 
Number producing more than 10 million barrels..... 3 | i Ae a ee (I 3 
Number producing more than 100 million barrels....| 0 | 2 | 0 : i. 1-6 oO 
PGE COMET OGMCIND 5.5 6 a5 Wiss 450s oes oe 6% 0's t0-8 50.0} 84.6) 75.0/100.0) 85.7) 83.3 
Per cent producing more than 1 million barrels....... | 30.0] 53.8 50.0|100.0) 57.1) 50.0 
Per cent producing more than 10 million barrels. ..... 15.0) 46.1| 25.0) 66.7] 42.9] 50.0 
Per cent producing more than 100 million barrels. .... 0.0} 15.3] 0.0] 0.0) 0.0) 0.0 
Number of exploratory wells per class............. 441 |217 | 60 73 |4I |34 
Number of exploratory wells per dome............ | 22.1) 16.7] 15.0] 24.3] 5-9] 5.7 
Number of exploratory wells per producing dome. ..| 44.1} 19.7] 20.0) 24.3] 6.9} 6.8 
Number of exploratory wells per dome producing + 1 | | | | 

HRIBUII TU ISATROAGS rare ioe: an -n-3 a'er0 0/8 6 0-0 01010 654-8 )er40e ae 73-5| 31.0] 30.0] 24.3] 10.3| 11.3 
Number of exploratory wells per dome producing | | | | 

af" FO MINION DAITCIS, 6 os ov sieve ace cee vaste cee 147.0| 36.2] 60.0] 36.5] 13.7| 11.3 
Number of exploratory wells per dome producing | H | 

I~ MOO MIAIMMOTL ALTIUS 6: e\ 0'-0. 0:40) 6 9.5: 4)0:0:8.9%4.9'0.4:6 500. _— |108.5} —|{—|]—|j— 





If we now use as an index of hazard the average number of 
exploratory wells in each class which are chargeable against each 
dome producing more than 10,000,000 barrels, it is obvious that 
this index is least for the domes deeper than 5500 feet. This is 
to be expected, since to date the development of these domes has 
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not been complicated by the search for localized flank production, 
and the initial problem of development has been that of testing an 
anticlinal structure for random producing horizons. 

A surprising and unexpected feature, however, is that the 
domes in the 500-1000 foot class show a fairly well-defined 
secondary minimum index of hazard. It is also significant that 
the only two domes which have produced more than 100 million 
barrels of oil are in this same class, and both of these domes were 
found to have about 50 per cent. of their production above the 
salt; indicating the presence of a satisfactory sedimentary seal. 

In a previous report, we showed that this class is also the most 
probable depth for the Gulf Coast domes, and that in this respect 
the other two salt dome provinces differ, in that for both of them 
the most probable depth is zero. Further, neither of these two 
provinces shows a secondary minimum of index of hazard, since 
only the deeper domes produce. Since the distribution of salt 
domes in depth for these two provinces is less than that for the 
Gulf Coast, it is quite possible that the general absence of a sedi- 
mentary seal has contributed appreciably to the higher index of 
hazard for the domes in East Texas and North Louisiana. 

In Table II the very deep domes have been listed as “ 5500 +,” 
since there are no data on the actual depths to salt or cap. If we 
adopt a similar accumulation line-up for all these domes, the data 
present a smoother picture, more susceptible to empirical analysis. 
This has been done in Table III, where a step-by-step analysis is 
made by regular elimination of the domes shallower than pro- 
gressively greater depths. 

By plotting these indices of hazard against the reciprocals of 
the depths (in kilo-feet) plus 1.5, linear relationships can be 
established as in Fig. 1, indicating that the index of hazard is, 
empirically, a linear function of the reciprocal of the thickness of 
sediments above the dome, or to the sedimentary seal. Where 
“ FT”’ is the index of hazard, and “ Z” the minimum depth for 
the group (in kilo-feet), the equations are: 

For production: H = 28.0/(Z + 1.5) + 2.2 

For production of more than 1 million barrels: H = 45.8/ 
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TABLE III. 


ACCUMULATED DATA FOR GULF COAST DOMES WITH MORE THAN NINE DEVELOP- 
MENT YEARS. 
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A | 
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SUERNE TEN” NORAMANMONNRE 25S 0! 3, 5:55.0.06:% 6:01 0:0i0 9.01 Siareiai nue ie.g siete | 33 | 23 | 12 9 | 6 5 
Number producing more than 1 million barrels....... | 22 | 16 9 714 3 
Number producing more than 10 million barrels. ..... | 15 | 12 6 ae ie 3 
Number producing more than 100 million barrels... .. | 2 2 ° o| 0 fe) 
| 
ere ON Wella cc ico.tis:o eo kh edocs cwied > Sadie deemed | 832| 391] 174) 114) 41 | 34 
Number of wells per dome.................-.-2-000- | 17-7| 14-5] 12.4] He 5-9| 5.7 
Number of wells per dome producing............... 25.2! 17.0] 14.5} 12.7| 6.8] 6.8 
Number of wells per dome producing more than 1 mil- | 
BEATA MAEIONG os pooh ok fio a ais Sw oie die eres slaw. 3 p:is begmiered | 37-8] 24.4] 19.3] 16.3] 10.3] 11.3 
Number of wells per dome producing more than 10 | | | | 


Sie Sy Ee SO ere Re ge | 55-5) 32.6} 29.0} = 13-7| 11.3 
| | | 





* Wells in this table are exploratory wells. 
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For production of more than 10 million barrels: H = 64.0/ 


(Z + 1.5) + 2.4 


A conclusion of practical importance follows from the rapid 
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convergence of these functions for domes at the greater depths, 
to the effect that the index of hazard for an ultimate production 
of more than 10 million barrels is comparable with the index of 
hazard for production. In other words, the proving of produc- 
tion on these very deep domes practically insured the ultimate 
recovery of more than 10 million barrels of oil. 


PART II. 


The Indices of Hazard for the Geophysically Discovered Gulf 
Coast Domes. 


To date there are some forty-eight geophysically discovered 
domes in the Gulf Coast which have been proven by the drill to 
the same extent as those in Part I. 

Shortly after the initiation of development on the first few of 
these geophysically discovered domes, the opinion became current 
that as a class they would prove to be less desirable than the non- 
geophysically discovered domes. This opinion gained sufficient 
credence to become the subject of an article in the Oil Weekly,’ 
although a perusal of that article left the reader in doubt as to 
the validity of the conclusions drawn. An examination of the 
indices of hazard for production on these domes leaves no doubt 
that this generalization should be relegated to the realm of myth 
and legend. 

In Table IV, data are given for these geophysically discovered 
domes, similar to Table II for the non-geophysically discovered 
domes with nine or more development years. However, since 
these domes have an average of only 4.0 development years, and 
a maximum of only eight development years (as compared with 
an average of 26.1 and a maximum of 39 development years for 
the domes in Table I), an index of hazard for a total production 
to date of more than 1,000,000 barrels is significant, but hardly 
as final as the corresponding index of hazard for the non-geo- 
physical domes included in Table I. 

It is obvious that again the very deep domes have the lowest 
index of hazard, which agrees with the conclusions drawn in Part 

1 The Oil Weekly, Sept. 2, 1927. 
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TABLE IV. 
GuLrF Coast GEOPHYSICAL LY DISCOVERED DOMEs. 
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TABLE V. 
ACCUMULATED DATA FOR GULF COAST GEOPHYSICALLY DISCOVERED DOMES. 
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| | | 
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| | | 

Number of domes below....... | 48 | 46 | 31 | 27 | 23 | 20 | 18 | 15 | 13 | 12 | 10 
Number of domes producing....} 31 | 30 | 21 | 19 | 16 | 15 | 14| 12 | 10] 10] 9 
Number of domes producing | | | 

more than 1 million barrels....| 11 | | 8 Ly | 7 | 7/ 7| 6| 4 4] 4 
Number of domes producing | | 

more than 10 million barrels..| 0 | o}| o| o | Os O04 O)) (O61, (O40 

| 

Number of wells*............. 231| 206] 108] 83 = 62) 54) 38| 36] 33] 24 
Number of wells per dome..... 4.8 4.5) 3:S] 3.2): 3.2}-3.21.3.0 2.5| 2.8] 2.8] 2.4 
Number of wells per dome pro- | | | | 0 ; 

CET OS C1 aaa ae 7-5| 6.9] 5-7] 4-4] 4-4] 4-1] 3-9] 3-2] 3.6 3-3] 2.6 
Number of wells per dome pro- | | | | | | 

ducing + 1 million barrels... .| 21.0) 1 18.7| 13-5} nes, 10.1] 9.0] 7.7] 6.3] 9.0] 8.3/ 6.0 
Number of wells per dome pro- | | | : | 

ducing + 10 million barrels...| 0 o| 





* Wells in these tables are exploratory wells. 


I. However, we see quite definitely that the index of hazard for 
production on the geophysically discovered domes is much less 
than for the domes in Part I. 
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The accumulated data for the geophysically discovered domes 
are given in Table V, with the reciprocal depth plotted in Fig. 2. 
For comparison, the indices of hazard for discovery and for an 
ultimate production of more than 1,000,000 barrels, from Fig. 1, 
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Fic. 2. Indices of hazard, comparing geophysical and non-geophysical 
domes. 


have also been drawn, and we see that even for the relatively 
undeveloped geophysically discovered domes, the index of hazard 
for a production of more than 1,000,000 barrels (to date) is less 
than the index of hazard for production on the non-geophysically 
discovered domes with more than nine development years. The 
equations are: 

For production: H = 8.4/(Z + 1.5) + 1.9 

For production (to date) of more than 1,000,000: barrels: 
H = 28.0/(Z + 1.5) + 2.2. 

In view of this, we feel justified in saying that the index of 
hazard for development of the geophysically discovered domes 
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is less than it ever was in the past. Further, since the real field 
of geophysical exploration will be deep in the third dimension, 
the chances are that the geophysical discoveries of the next few 
years (estimated between 25 and 50 additional very deep domes) 
will have an index of hazard no greater than exists in other 
petroliferous provinces now in greater favor. 

It is interesting to speculate as to the causes of the lower index 
of hazard for the geophysically discovered domes. Part of the 
decrease is undoubtedly due to the better subsurface methods now 
in use in the Gulf Coast, which made their appearance contem- 
poraneously with geophysics. We believe, however, that most 
of the decrease is due to the fact that a geophysical discovery 
carried much more information on location, size, and depth of the 
salt mass than was ever possible from any non-geophysical re- 
connaissance. In addition, the geophysical detail of the dome, 
though unfortunately not yet in universal use, has been used to 
some extent, as at Lake Barre, where the first flank test initiated 
a string of ten producers, consecutive except for the eighth well, 
which is the only flank failure to date. 

It is also interesting to compare the number of “ domes in one ” 
for the two classes. Of the domes in Table I, three, or 6.4 per 
cent., produced on the first well drilled; and only one more, or 
8.5 per cent., produced on the first two tests. Compare this 
record with the geophysically discovered domes in Table IV, 
where II, or 22.9 per cent., produced on the first test, and 7 
additional, or 37.5 per cent., on the first two tests. Even if 
three of these latter are disregarded as false alarms (Fausse 
Point, Dog Lake, and Lake Pelto) we still find 8, or 16.7 per 
cent., producing on the first test, and 7 more, or 31.3 per cent., 
producing on either the first or second test. Compared to the 
domes in Table I, the chances are almost four times greater for 
the average geophysical dome to produce in the first two tests. 

This marked reduction in hazard is as it should be, since the 
application of scientific methods is to no purpose if it does not 
effect an economic improvement. It is gratifying to note that the 


36 
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use of geophysical methods has been justified not only on the 
basis of a much more effective means of exploration, but also 
because they have made a material contribution to the reduction 
of hazard in development. 


ROSAIRE AND KANNENSTINE, 
CoNSULTING GEOPHYSICISTS, 
2210 ESPERSON BLDG., 
Houston, TEXAs. 
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MICROSCOPIC CRITERIA OF HYPOGENE AND 
SUPERGENE ORIGIN OF ORE MINERALS. 


G. M. SCHWARTZ. 


INTRODUCTION. 


THE features that indicate either a hypogene or supergene origin 
of ore minerals have been discussed since the theory of secondary 
enrichment was first proposed. The study of polished surfaces 
of ores stimulated interest in this subject, and numerous criteria 
have been proposed ; some have been widely accepted, others have 
been rejected. The confusion in which the beginning student 
soon finds himself on reading the literature is only too evident. 
There is no single discussion that contains a complete list of the 
criteria which have been proposed. The difficulty of handling 
the subject in class discussion led the writer to review the litera- 
ture and compile the suggestions that have been made. 

It must be borne in mind that investigators have commonly 
used a given criterion as suggestive only, and not as definite 
proof of a given origin. Furthermore, the criterion may have 
been intended to apply only to a given occurrence. In very few 
cases is one fact alone used to establish the origin of an ore 
mineral but rather, as a rule, it is the convergence of several lines 
of evidence. If one insisted on using only those facts to which 
there are no exceptions the criteria could be stated very briefly. 
They would also be of limited use. 

Care has been taken in this compilation to use each example 
within the author’s meaning, but in generalizing and grouping the 
data some misinterpretations may have occurred. An attempt 
has been made to group the various criteria under general head- 
ings. There is overlapping between the various groups and some 
criteria might well appear under two headings. To avoid repe- 
tition they have been placed under only one. 
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In the literature frequent use has been made of the lack of 
evidence of one origin as an indication of origin under opposite 
conditions. It seems unnecessary to list all these examples. The 
suggestive value of such a condition is evident, as is the danger 
of its use without supporting evidence. In applying the criteria 
listed here, the original papers should be consulted for a more 
adequate statement than can be given in this article. 

The writer is greatly indebted to Professor Edson S. Bastin 
for many suggestions and criticisms. Professor Frank F. Grout 
also suggested several changes in the original manuscript. 


OUTLINE OF CRITERIA OF HYPOGENE ORIGIN. 


Structures and Textures: 

*1. Granular texture, intergrown and interlocked grains. 

+2. Large grains or crystals. 
3. Crushed grains, fragments disarranged, rounded, cemented by gangue 
and ore minerals. 

. Mutual boundary relations. 


* 


of 


. Fine intergrowths related to crystallographic directions of one com- 
ponent and not a result of replacement. Ex-solution textures. 

*6. Group replacement. 

. Graphic and subgraphic intergrowths. 

. Irregular intricate replacement. Replacement independent of frac- 
turing. 


On 


+9. Absence of replaced minerals, relics, fragments or other evidence of 
replacement. 
10. Corroded or rounded relics. 
*11. Isometric structure in chalcocite; also shrinkage cracks in chalco- 
cite. 
*12. Specular hematite. 
13. Diversity in size, shape and distribution of a mineral. 


Mineralogical and Chemical: 


*1, Intergrown ore minerals, one or more of which are normally hy- 
pogene. 

*2. Ore minerals closely associated with sericite or other hydrothermal 
minerals. { 


3. The presence of known hypogene and easily altered minerals near 
the surface. 

*4. Minerals containing elements that part company under supergene 
conditions. 
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*5. The presence of an element not present in earlier minerals. 
+6. Inclusions in probable hypogene minerals are usually to be con- 
sidered of same origin. 
+7. Same minerals replace host rock and ore minerals. 
+8. Lack of known supergene minerals. 
*9. Mineral earlier or of same age as mineral known to be hypogene. 
+10. Association with minerals not stable under conditions of supergene 
deposition. 
*11. Certain minerals are formed mainly under conditions of high tem- 
perature, e.g., pyrrhotite, magnetite, arsenopyrite. 
Processes: 
+1. Replacement of gangue minerals. 
2. Continuous series of replacements or deposition. 
+3. Lack of replacement of natural host for supergene replacement or 
lack of supergene guest mineral. 
* Dependable. 
7 Usually, but not universally applicable. 
Those unmarked are rarely applicable or are not dependable. 
Structures and Textures. 

1. Grandular Texture, Intergrown and Interlocked Grains.— 
This criterion was suggested by Graton and Murdoch. They 
considered areas of irregularly intergrown sulphides, such as 
enargite, bornite, chalcocite and sphalerite, an indication of hypo- 
gene origin. This criterion has been used repeatedly since and 
many examples are given in the literature. Bastin and Laney * 
mention interlocking as producing a texture comparable to the 
granular texture of igneous rocks. Later Bastin * cited the fact 
that native silver, proustite, and pearceite crystallized contem- 
poraneously with several common primary ore minerals, as evi- 
dence of the hypogene origin of the silver minerals. Bastin * 
has stated that contemporaneous intergrowth with undoubted 
hypogene minerals is the first and best criterion of hypogene 
origin. Other references are listed below. The replacement of 

1 Graton, L. C., and Murdoch, J.: Trans. A. I. M. E., vol. 45, p. 59, 1913. 

2 Bastin, E. S., and Laney, F. B.: U. S. Geol. Surv. Prof. Paper 104, p. 24, 1918. 

3 Bastin, E. S.: U. S. Geol. Surv. Bull. 735—-E, p. 154, 1922. 

4 Bastin, E. S.: Econ. Geor., vol. 18, pp. 88-91, 1923. 

® Hurst, M. E.: Econ. Grot., vol. 17, p. 603, 1922. Bastin, E. S.: U. S. Geol. 
Surv. Bull. 735-D, p. 73, 1922. Bateman, A. M.: Econ. GEot., vol. 18, p. 140, 
1923. Bastin, E. S.: U. S. Geol. Surv. Bulls. 735—D, p. 88, 1922 and 750-B, 1924. 


Econ. GEot., vol. 20, p. 73, 1925. Burton, W. D., Econ. GEot., vol. 21, pp. 593- 
594, 1926. 
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primary sulphides by sulphides precipitated under conditions of 
secondary enrichment practically prevents a granular texture 
being formed. 

In certain granular intergrowths the mutual relation of the 
grains is such that one finds no ground for regarding one mineral 
as younger than another. If some of the minerals of such inter- 
growths are always hypogene, e¢.g., enargite, pyrrhotite, magne- 
tite, then all are hypogene in the particular specimen under study. 

2. Large Grains or Crystals of an Ore Mineral.—Large grains 
of chalcocite occurring with bornite were classified as hypogene 
by Overbeck.® Rogers‘ stated that large distinct crystals of 
chalcocite were evidence of a primary origin by ascending solu- 
tions. Bateman * also used crystals of chalcocite as a criterion, 
especially when intergrown with calcite or quartz. 

The fact that secondary sulphides form mainly by replacement 
of primary sulphides is a foundation for this criterion. Size is 
merely relative but the criterion is probably dependable only when 
used for crystals large enough to be visible to the eye. Probably 
large grains as developed by etching and visible only under the 
microscope are not a safe indication of hypogene origin. Pri- 
mary ores may be very fine-grained as, for example, has been 
shown by Bastin and Laney ® to be true of the Tonopah ores, 
where a fine aggregate is a late hypogene replacement of a coarser 
ageregate. 

3. Crushed Grains, Fragments Disarranged, Rounded, Ce- 
mented by Gangue and Ore Minerals—The characteristic struc- 
ture of the average primary copper ore was described by Graton 
and Murdoch*® as pyrite grains crushed and broken, the frag- 
ments disarranged, somewhat rounded and cemented by gangue 
and other ore minerals, particularly chalcopyrite and bornite. 
Hurst * described as a hypogene texture the shattering of pyrite 
and cementation by sphalerite, galena and polybasite. Corroded 


6 Overbeck, R. M.: Econ. Geot., vol. 11, p. 176, 1916. 

7 Rogers, A. F.: Econ. Grot., vol. 8, p. 787, 1913. 

§ Bateman, A. M.: Econ. GEot., vol. 18, p. 149, 1923. 

9 Bastin, E. S., and Laney, F. B.: U. S. Geol. Surv. Prof. Paper 104, p. 23, 1918. 
10 Graton and Murdoch, Trans. A. I. M. E., vol. 45, p. 37, 19013. 

1. Hurst, M. E., Econ. Geor., vol. 17, pp. 382-388, 1922. 
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or rounded relics indicate hypogene action, according to Locke, 
Hall and Short.** 

4. Mutual Boundary Relations—The presence of mutual 
boundary relations has been interpreted by Locke, Hall and 
Short,** by Agar,** and by Bateman ** as suggesting a hypogene 
origin. Newhouse ** has, however, shown that mutual bound- 
aries developed in a clear case of age difference, as limonite after 
pyrite, which is also clearly a supergene replacement. The mu- 
tual boundary criterion is probably not dependable in the average 
case. 

5. Fine Intergrowths Related to Crystallographic Directions of 
One Component and Not a Result of Replacement.—Schneider- 
hohn ** was the first to discuss the significance of these textures 
in a general way. Van der Veen** also attached much impor- 
tance to them. The subject of unmixing textures has been re- 
cently reviewed by the writer*® and references need not be 
repeated here. Bateman *® has presented an interesting example 
of the significance of these textures in the Rhodesian copper ores. 
The fact that unmixing depends on temperature changes forms 
a firm theoretical basis for this criterion. 

6. Group Replacement. One Mineral Replaced by Several 
Simultaneously.—The criterion was suggested by Bastin and 
Laney ** and other examples have been furnished by Bastin,” 
derived from studies of the silver minerals. At Tonopah, for 

12 Locke, A., Hall, D. A., and Short, M. N.: Trans. A. I. M. E., vol. 70, p. 961, 


1¢24. 

13 Locke, Hall and Short: Trans. A. I. M. E., vol. 70, p. 961, 1924. 

12 Agar, W. M.: Econ. GEot., vol. 21, p. 706, 1926. 

15 Bateman, A. M,: Econ. GEou., op. cit. and vol. 25, p. 394, 1930. 

16 Newhouse, W. H.: in Fairbanks’ “ Laboratory investigation of Ores,” p. 159, 
1928. 

17 Schneiderhohn, H.: Metall. und Erz, vol. 19, pp. 501-508; 51 

18 Van der Veen, J. W.: Mineragraphy and Ore Deposition, 19 

19 Schwartz, G. M.: Econ. GEot., vol. 26, pp. 739-763, 1931. 

20 Bateman, A. M., Econ. GEot., vol. 25, pp. 365-418, 1930. See also Bateman, 
A. M. and Lasky, S. G.: Covellite-Chalcocite Solid Solution and Ex-solution. Econ. 
GEOL., vol. 27, pp. 52-86, 1932. 

21 Bastin, E. S., and Laney, F. B.: U. S. Geol. Surv. Prof. Paper 104, p. 24, 1918. 

22 Bastin, E. S.: Econ. Grot., vol. 18, pp. 88-91, "923; U. S. Geol. Surv. Bull. 
750-C, p. 53, 1924. 
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example, galena was observed replaced by a contemporaneous 
aggregate of carbonate, argentite, polybasite, electrum and chal- 
copyrite. . 

Supergene solutions are usually dilute and of relatively simple 
composition; therefore such an aggregate of minerals could not 
be deposited by them. 

7. Graphic and Subgraphic Intergrowths—Laney ** first de- 
scribed the so-called graphic intergrowths at Virgilina and con- 
sidered them primary. Overbeck,** Gilbert and Pogue,” and 
Graton and Murdoch* described additional examples and also 
considered them primary. Since Graton and Murdoch’s paper 
these textures have been described repeatedly and various origins 
and significance assigned to them. Lindgren ** has recently dis- 
cussed them under the name of pseudo-eutectic texture and con- 
cludes that they are due to hypogene replacement. The writer ** 
has described examples that suggest the possibility of their origin 
by supergene replacement, a fact noted by Whitehead * in 1916 
when he described intergrowths of chalcocite and bornite with 
veinlets of oxidized minerals. The weight of evidence seems to 
indicate that graphic textures are commonly a result of hypogene 
processes, but the texture as such is unreliable as a criterion. 

8. Irregular Intricate Replacement. Replacement Independent 
of Fracturing.—lIrregular intricate replacement of bornite by 
chalcocite was cited by Rogers * as characteristic of hypogene 
processes. Advanced stages of supergene replacement would 
appear irregular in a sense. Difficulty is encountered by the 
student in interpreting irregular replacement. 

Irregular projection into but not through earlier minerals has 
been listed by Short and Ettlinger * as a feature of hypogene 


23 Laney, F. B.: Econ. Geot., vol. 6, p. 411, Igri. 

24 Overbeck, R. M.: Econ. GEot., vol. 11, p. 151, 1916. 

£5 Gilbert, C. C., and Pogue, V. E.: Proc. U. S. Nat. Mus., vol. 45, p. 616, 1913. 
2¢ Graton, L. C., and Murdoch, J.: Trans. A. I. M. E., vol. 43, p. 76, 1913. 

27 Lindgren, W.: Econ. GEot., vol. 25, pp. I-13, 1930. 

28 Schwartz, G. M., and Park, C. F.: Econ. Grot., vol. 25, pp. 658-663, 1930. 
29 Whitehead, W. L.: Econ. Geot., vol. 11, pp. 1-13, 1916 

30 Rogers, A. F.: Min. and Sci. Press, vol. 109, pp.: 680-683, 1914. 

31 Short, M. N., and Ettlinger, I. A.: Trans. A. I. M. E., vol. 74, p. 198, 1926 
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on 


processes. This characterization would seem more definite and 
easily recognizable. 

Bastin and Laney * note that hypogene replacement may be 
independent of fracturing. This is perhaps one of the safest 
relationships. 

Hurst ** cites a lack of preference for cleavage, contacts, etc., 
as well as a diversity in size, shape and distribution of polybasite 
in galena as indicating hypogene origin for the polybasite. 

It would be expected that hypogene solutions, being under 
higher pressure than most of those responsible for supergene 
replacement, would penetrate more intimately, but even supergene 
replacement may penetrate along crystal contacts and cleavage 
where no cracks may be seen. The susceptibility of the host 
mineral is probably important. Under the same conditions bor- 
nite might be replaced by chalcocite in a very different fashion 
from pyrite or chalcopyrite. In general this criterion is difficult 
for the student to use and. not much confidence can be placed 
in it. 

9. Absence of Replaced Minerals, Relics, Fragments or Other 
Svidence of Replacement.—The absence of replaced minerals in 
chalcocite was cited as evidence of hypogene origin by Dolmage.* 

The absence of any suggestion that silver minerals have re- 
placed older minerals, especially where chalcopyrite nearby is 
incipiently replaced by covellite, is strong indication of hypogene 
origin, according to Bastin.** 

Lindgren * found argentite irregularly distributed in galena 
lacking relation to vein, cleavage, etc., and concluded it must be 
primary. Hurst * refers to a similar occurrence of polybasite 
in galena. 

Whitehead ** and also Bastin ** have noted the lack of replace- 


32 Bastin, E. S., and Laney, F. B.: U. S. Geol. Surv. Prof. Paper 104, p. 24, 1918. 

33 Hurst, M. E.: Econ. Geot., vol. 17, pp. 382-388, 1927. 

34 Dolmage, V.: Econ. GEot., vol. 13, p. 371, 1918. 

35 Bastin, E. S.: U. S. Geol. Surv. Bulls. 735—D, p. 85, 1922; and 750-B, p. 23, 
1924. 

36 Lindgren, W.: U. S. Geol. Surv. Prof. Paper 107, p. 160, 1919. 

37 Hurst, M. E.: Econ. Geot., vol. 17, p. 693, 1922. 

38 Whitehead, W. L.: Econ. Grot., vol. 14, p. 31, 1919. 

39 Bastin, E. S.: U. S. Geol. Surv. Bull. 735-D, p. 77, 1922. 
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ment of galena by ruby silver where under supergene conditions 
this would be the principal or only method of precipitation. In- 
asmuch as supergene sulphides are precipitated mainly by earlier 
sulphides, the absence of evidence of replacement seems a fairly 
safe indication of hypogene origin. 

10. Rounded or Corroded Relics——Rounded or corroded relics 
indicate hypogene origin of the Butte chalcocite, according to 
Locke, Haii and Short.*° This does not appear to be applicable 
as a general criterion, as remnants in supergene replacement may 
be rounded, e.g. pyrite in limonite.* 

11. Isometric Structure in Chalcocite—The question of the 
meaning of etch structures in chalcocite has been discussed re- 
peatedly. Graton and Murdoch“ were apparently the first to 
describe and interpret the significance of triangular cleavage in 
chalcocite. They concluded that internal or molecular structure 
as expressed in cleavage might be used with caution as a cri- 
terion of the hypogene or supergene character of a mineral. 

Tolman ** discussed the meaning of isometric and orthorhombic 
cleavage and emphasized the fact that the former might be 
inherited from bornite. Bateman and McLaughlin ** agreed that 
the isometric cleavage was not dependable but the presence of 
twinned octahedral crystals of chalcocite indicated origin above 
g1° C. which in turn means a hypogene condition. Geijer * 
found the orthorhombic and isometric etch pattern in adjacent 
grains and concluded that part had suffered conversion, thus indi- 
cating a hypogene origin. Bateman ** has recently reviewed the 
significance of various intergrowths found in chalcocite and con- 
cludes that octahedral intergrowths (partings), lamellar micro- 
structure, and triangular pseudo-eutectic textures indicate an 
isometric ancestry for the chalcocite. 


40 Locke, Hall and Short: Trans. A. I. M. E., vol. 70, pp. 933-063, 1924. 

41 Schwartz, G. M.: Econ. Gerot., vol. 16, Plate XI-A, 1921. 

42 Graton and Murdoch: Trans. A. I. M. E., vol. 45, p. 54, 1913. 

43 Tolman, C. F.: Trans. A. I. M. E., vol. 54, p. 402, 1916. 

44 Bateman, A. M., and McLaughlin, D.: Econ. Grot., vol. 15, p. 1-77, 1920. 

45 Geijer, Per. Sveriges Geol. Undersékning 17, No. 2, 1923. 

46 Bateman, A. M.: Econ. GEot., vol. 25, p. 393, 1930; also Bastin and Laney: 
U. S. Geol. Surv. Prof. Paper 104, p. 42, 1918. 
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Octahedral intergrowths of bornite and chalcocite have been 
produced in ores by heat treatment, indicating possible modes 
of origin.*7 Dolmage ** noted shrinkage cracks in chalcocite in 
the Telkawa district of British Columbia and believed they were 
due to the volume change during the inversion at 91° C. from 
the isometric to the orthorhombic form. 

12. Specular Hematite—Rogers *° emphasized the fact that 
specular hematite is an indication of high temperature, whereas 
cryptocrystalline or amorphous hematite is characteristic of sedi- 
mentary deposits, or gossans. 

13. Diversity of Size, Shape and Distribution of Areas of a 
Minera].—Hurst °° cited as an indication of hypogene origin the 
extreme diversity in size, shape and distribution of polybasite 
masses throughout the galena at Neihart, Montana. 


Mineralogical and Chemical. 


1. Intergrown Ore Minerals One or More of which are 
Normally Hypogene.—Bastin ™ has described native silver, prous- 
tite and pearceite crystallized with common primary ore minerals, 
also argentiferous tetrahedrite, pearceite, quartz and chalcopyrite. 
Hurst ** likewise has noted polybasite intergrown with other sul- 
phides. Bastin®* in discussing this criterion has stated that 

> 

contemporaneous intergrowth with undoubted hypogene minerals 
is the first and best criterion of hypogene origin. The intimate 
penetration of tennantite by proustite and pearceite has also been 
cited.°* Bornite widespread through chalcocite and minutely in- 
termixed with it is thought to indicate hypogene origin.** Min- 
erals of the same age as specular hematite are classified as 
hypogene by Rogers.*® 

47 Schwartz, G. M.: Econ. GEot., vol. 23, pp. 381-397, 1928. 

48 Dolmage, V.: Econ. GEot., vol. 13, pp. 364 and 371, 1918. 

49 Rogers, A. F.: Econ. Geot., vol. 11, p. 378, 1916. 

50 Hurst, M. E.: Econ. GEot., vol. 17, p. 388, 1922. 

51 Bastin, E. S.: U. S. Geol. Surv. Bull. 735—-E, p. 154, 1922. 

52 Hurst, M. E.: Econ. GEot., vol. 17, p. 692, 1922. 

53 Bastin, E. S.: Econ. Geot., vol. 18, pp. 88-01, 1923. 

54 Bastin, E. S.: U. S. Geol. Surv. Bull. 750—B, p. 30; 750—-C, p. 47, 1924. 

55 Locke, Hall and Short: Trans. A. I. M. E., vol. 70, pp. 933-063, 1924. 

56 Rogers, A. F.: Econ. Grot., vol. 11, p. 366, 1916. 
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Bastin ™ classifies pearceite as hypogene because it interlocks 
with quartz crystals at their bases. Bateman also classifies inter- 
grown crystals of chalcocite and quartz as hypogene. This cri- 
terion is related to (1), under Structures and Textures. 

2. Ore Minerals Closely Associated with Sericite or Other 
Hydrothermal Minerals—Kirk ** noted at Butte that enargite is 
closely associated with sericite practically free from kaolin. 
Rogers °° described chalcocite closely associated with sericite at 
Engels, but Graton and McLaughlin © later claimed that sericite 
was cut abruptly by chalcocite. McLaughlin“ has described the 
association of bornite with hydrothermal minerals. It is evident 
that this criterion depends on the certainty with which hydro- 
thermal minerals can be recognized. 

3. The Presence of Known Hypogene and Easily Altered Min- 
erals near the Surface-—Bateman © suggests that the occurrence 
of fresh primary minerals such as chalcopyrite, pyrite, sphalerite 
and galena is a strong indication of the absence of supergene 
enrichment on a large scale. Chalcocite found below under these 
conditions is presumably hypogene. Bastin ® has pointed out 
that enriched ore may be brought beneath primary ores by fault- 
ing and also very porous zones may allow enrichment to penetrate 
below relatively unaltered compact primary material. This cri- 
terion is therefore difficult to apply. 

4. Minerals Containing Elements that Part Company under 
Supergene Conditions.—Bastin “ has classified electrum replacing 
galena as hypogene on the basis that gold and silver are well 
known to part company under supergene conditions. Burton * 
has noted a similar occurrence. It is possible that there may be 


57 Bastin, E. S.: U. S. Geol. Surv. Bulls. 735-D, p. 74, 1922; and 735-E, p. 
154, 1922. 

58 Kirk, C. T.: Econ. GEot., vol. 7, pp. 35-82, 1912. 

59 Rogers, A. F.: Econ. GEot., vol. 11, p. 123, 1916. 

60 Graton, L. C., and McLaughlin, D.: Econ. Grot., vol. 12, p. 29, 1917. 

61 McLaughlin, D. H.: Econ. Gerot., vol. 14, p. 472, 1919. 

62 Bateman, A. M.: Econ. Geot., vol. 18, p. 148, 1923. 

63 Personal communication. 

64 Bastin, E. S., and Laney, F. B.: U. S. Geol. Surv. Prof. Paper 104, p. 24, 1918. 
Bastin, E. S.: Econ. Gror., vol. 18, pp. 88-91, 1923. 

65 Burton, W. D.: Econ. GEot., vol. 21, pp. 586-604, 1926. 


miner: 


exam] 
under 
if evel 


, 


5- 
erals.- 
replac 
earlie: 
hypog 
the d 
sound 
eleme 
6. 
be ce 
quart: 
tures 
pletel: 
ered 
mine! 
senid 
Lit 
tribut 
from 
from 
tiona 
need 
of b 
clear 
The 
sulpk 
ary.” 
66 V 
67 V 
6s P 
69 L 
70 B 
71 F 





ORIGIN OF ORE MINERALS. 543 


minerals other than electrum to which this rule will apply; for 
example, copper, arsenic, and antimony seem to part company 
under oxidizing conditions, and sulpho-salts of copper are rarely, 
if ever, supergene. 

5. The Presence of an Element Not Present in Earlier Min- 
erals —Whitehead °° has described the occurrence of antimony in 
replacement minerals in which the element was absent in the 
earlier minerals; therefore the replacement minerals must be 
hypogene, as antimony would not be introduced from outside 
the deposit under normal supergene conditions. This seems a 
sound conclusion and perhaps it may be expanded to include 
elements other than antimony. 

6. Inclusions in Probable Hypogene Minerals are Usually to 
be considered of the Same Origin.—Chalcocite enclosed in 
quartz and proustite in calcite have been cited above under tex- 
tures and structures. Waldschmidt % described tetrahedrite com- 
pletely surrounded by broken particles of pyrrhotite and consid- 
ered this conclusive proof that the tetrahedrite is a primary 
mineral. Bastin ®* notes abundant inclusions of silver in ar- 
senides. 

Lindgren * concluded that grains of argentite irregularly dis- 
tributed in galena were primary. Bastin “ cites a similar example 
from the Comstock Lode. Bastin“ gives an excellent example 
from the San Juan district of Colorado. He states: “If addi- 
tional evidence of the primary nature of the proustite were 
needed, it could be furnished by the occurrence here and there 
of bright red proustite wholly enclosed within the tips of the 
clear hexagonal crystals of quartz that line some of the vugs. 
The quartz crystals interlock at their bases with the base metal 
sulphides, and it is not considered possible that they are second- 
ary.” 

6¢ Whitehead, W. L.: Econ. Gror., vol. 14, p. 31, 1919. 

6% Waldschmidt, W. A.: Econ. GEot., vol. 20, p. 579, 1925. 

68 Bastin, E. S.: Econ. Gerot., vol. 20, p. 23, 1925. 

69 Lindgren, W.: U. S. Geol. Surv. Prof. Paper, 107, p. 160, 1919. 


70 Bastin, E. S.: U. S. Geol. Surv. Bull. 735-C, p. 45, 1922. 
71 Bastin, E. S.: U. S. Geol. Surv. Bull. 735—D, p. 86, 1922. 
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Caution is necessary in using this criterion. The inclusions 
may in some cases be a result of replacement.” 

7. Same Minerals Replace Host Rock and Ore Minerals.— 
Replacements of gangue or host rock are normally hypogene, 
but there are well known examples of supergene replacement of 
wall rock, for example the replacement of limestone by zinc 
carbonate. 

Bastin and Laney ‘* noted at Tonopah that carbonate-sulphide 
aggregates replaced galena and host rock. The galena might be 
considered supergene, the replacement of the host rock is clearly 
a hypogene process, and therefore the contemporaneous galena 
replacement is also hypogene. 

Whitehead “ has classified minerals as hypogene because they 
replace gangue and Bateman “ has done likewise for chalcopyrite 
replacing quartz, feldspar, and so on. 

8. The Lack of Known Supergene Minerals Where Such 
would be Expected—McLaughlin * suggested that the lack of 
chalcocite with bornite indicates that the bornite is hypogene. 
Davidson ™ has used the same argument in regard to some of the 
recently discovered African deposits. 

The lack of kaolin in the wall rock has also been used.** 

9. Mineral Earlier than or of Same Age as Mineral Known to 
be Hypogene-—Dolmage ™ has described an example of bornite 
later than chalcocite with the bornite closely related to chalco- 
pyrite and to galena. The bornite and consequently the chalco- 
cite are therefore presumed to be hypogene. Bastin © has cited 
excellent illustrations in the Comstock ores. Argentite bears 

: . ® 
the same relation to quartz and sphalerite that galena does and 

72 Newhouse, W. H.: Econ. GEot., vol. 21, pp. 68-70, 1926. Shenon, P. J.: 
A Massive Sulphide Deposit of Hydrothermal Origin in Serpentine. Econ. GEOoL., 
vol. 27. In press. 

78 Bastin, E. S., and Laney, F. B.: U. S. Geol. Surv. Prof. Paper 104, p. 24, 1918. 

74 Whitehead, W. L.: Econ. GEot., vol. 14, p. 31, I9I9. 

75 Bateman, A. M.: Econ. GEot., vol. 25, pp. 366-418, 1930. 

76 McLaughlin, D. H.: Econ. GEot., vol. 14, p. 472, 1919. 

77 Davidson, D. M.: Econ. Geot., vol. 26, pp. 131-157, 1931. 

78 Kirk, C. T.: Econ. GEot., vol. 7, pp. 35-82, 1912. 

79 Dolmage, V.: Econ. GEot., vol. 13, p. 369, 1918. 

80 Bastin, E. S.: U. S. Geol. Surv. Bull. 735-C, pp. 47, 48, 1922. 
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the two are interpreted as of the same age and primary. In the 
same ores the textural relations of argentite and gold are identical 
with those of the base metal sulphides and all seem to belong to 
a single period of primary mineralization. 

10. Associations with Minerals Not Stable under Conditions of 
Supergene Deposition—LBastin * has described native silver with 
unetched crystals of calcite, also siderite with chalcocite, covel- 
lite, and proustite. The underlying assumption here is that solu- 
tions in downward enrichment would be acid and would attack 
the carbonates. This may not hold for regions of calcareous 
rocks. 

11. Certain Ore Minerals are Formed Mainly, or Only, under 
Conditions of High Temperature.—Pyrrhotite, cubanite, magne- 
tite, ilmenite, arsenopyrite, specularite, cassiterite, wolframite, 
molybdenite, may be listed as examples.* 





Processes. 


1. Replacement of Gangue Minerals, with the Exception of 
Carbonates, Particularly in Ore Bodies in Limestone—Ray * 
stated that free replacement of silica by enargite indicated alka- 
line solutions. In general, hypogene minerals may replace gangue 
minerals freely. Most supergene minerals do not replace gangue 
minerals in a major way, but carbonates and silicates of copper 
may do so. 


2. Continuous Series of Replacements or Deposition —Guild * 
says: 


The writer is inclined to attribute greater activity in this respect to 
hypogene solutions than is general among economic mineralogists. This 
is due mainly to the fact that microscopic examination of mineral de- 
posits shows a continuous series of replacements to have occurred and 
often there is no reason for considering those concerned with the deposi- 
tion of late silver minerals as different in kind from the earlier processes. 

81 Bastin, E. S.: U. S. Geol. Surv. Bulls. 750, p. 30, 1924; and 735—D, p. 75, 1922. 

82 Lindgren, W.: Mineral Deposits, p. 718, 1928. Emmons, W. H.: Principles 
of Economic Geology, p. 51, 1918. 

82 Ray, J. C.: Econ. Gror., vol. 9, p. 463, 1914. 

84 Guild, F. N.: Econ. GErot., vol. 12, p. 339, 1917. 
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3. Lack of Replacement of Natural Host for Supergene Re- 
placement, or Lack of Natural Supergene Guest Mineral.— 
Whitehead *° notes the lack of replacement of galena by ruby 
silver. Bastin * cites a similar case. McLaughlin ® suggests 
that the lack of a known supergene mineral, as chalcocite, indi- 
cates that bornite is hypogene. Davidson ** has recently used 
this criterion for the Rhodesian ores. This should be used with 
caution, as special conditions may explain the situation. 


OUTLINE OF CRITERIA OF SUPERGENE” ORIGIN. 


Structures and Textures: 
+1. Replacement related to fractures, crevices, cleavage, contacts of 
minerals, network, or anastomosing veinlets. 
+2. Narrow rim of replacing mineral around ore minerals or gangue. 
“ Centripetal replacement.” 
*3. Seriatim replacement. Series of minerals developed from one. 
*4. Feathery aggregates or acicular crystals replacing host. 
+5. Botryoidal, pisolitic and concentric structures. 
*6. Thin coatings of possible supergene minerals on host. 
*7. Sooty chalcocite, bluish white chalcocite, etc. 
8. Irregular cracks, small grains of chalcocite, “ metacolloidal texture.” 
+9. Serrate boundaries of replacement contacts. 
10. Angular relics of older sulphides, especially in earlier stages of 
replacement by chalcocite. 


Mineralogical: 
*1, Presence of known supergene minerals (7.e., malachite, melaconite, 
limonite, earthy hematite, etc.) of same age as late sulphides. 
+2. Kaolin when present may under certain conditions suggest super- 
gene origin of ores. Its absence may suggest hypogene origin. 
+3. Lack of gangue minerals with sulphides is suggestive. 
+4. Abundant chalcocite free from bornite. 
5. Presence of selenite in chalcocite-bearing ore. 
*6. More readily replaceable mineral most altered, as bornite replaced 
in preference to chalcopyrite. 
7. Presence of quartz in center of veinlets with chalcocite. 
85 Whitehead, W. L.: Econ. GEot., vol. 14, p. 31, 1919. 
86 Bastin, E. S.: U. S. Geol. Surv. Bulls. 735-C, 1922; and 750-B, 1924. 
87 McLaughlin, D. H.: Econ. Grot., vol. 14, pp. 465-479, 1919. 
88 Davidson, D. M.: Econ. GEot., vol. 20, p. 23, 1925. 
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Processes: 

*1, Selective replacement. 

+2. Certain sulphides limited to oxide zone or near it. 

+3. Replacement only near porous and somewhat oxidized portions of 
ore. 


a The term supergene as used here applies to those minerals deposited by solu- 
tions that have come from the surface and thus at one time passed into or through 
the oxidized zone. Artesian circulation would be included except where magmatic 
contributions have been important. 

* Dependable. 

7 Usually, but not universally, applicable. 

Those unmarked are rarely applicable, or are not dependable. 


Structures and Textures. 

1. Replacement Related to Fractures, Crevices, Cleavage, Con- 
tact of Minerals, a Network or Anastomosing V einlets—This 
is certainly the most common relationship used. It was prob- 
ably first described for polished ores by Laney * in 1911, and 
has been variously used and stated *° since that time. Overbeck 
observed that supergene minerals encrust crevices, or completely 
fill cracks traversing original minerals and also follow cleavage. 
Bastin noted that chalcocite later than sericite followed capillary 
openings. 

Later Bastin * and Burton * have questioned the dependence 
of this criterion. Bastin doubts the value of distribution along 
cleavage and grain contacts as a distinction between supergene 
and hypogene origin, and Burton says that mere fracture coating 
is not a criterion, but polybasite replacing tetrahedrite along 
minute veinlets is supergene. In spite of some doubtful cases 
supergene ores usually show these relations in abundance, whereas 
hypogene ores probably do not. 

89 Laney, F. B.: Proc. U. S. Nat. Mus., vol. 40, pp. 513-524, 1911. 

99 Overbeck, R. M.: Econ. Geror., vol. 11, p. 158, 1916. Bastin, E. S.: Econ. 
Grot., vol. 8, p. 51, 1913. Rogers, A. F.: Econ. Grou., vol. 11, pp. 118-150, 
1916; Min. and Sci. Press, vol. 109, pp. 680-683, 1914. Thompson, A. P.: Trans. 
A. I. M. E., vol. 52, pp. 503-504, 1915. Graton, L. C., and McLaughlin, D. H.: 
Econ. Geor., vol. 12, pp. 1-37, 1917, and vol. 13, p. 95, 1918. Dolmage, V.: 
Econ. Geot., vol. 13, p. 359, 1918. Bastin, E. S.: U. S. Geol. Surv. Bull. 735-D, 
Pp. 92, 1922. Locke, Hall and Short: Trans. A. I. M. E., vol. 70, pp. 933-063, 
1924. Bateman, A. M.: Econ. GEot., vol. 20, p. 563, 1925. 

91 Bastin, E. S.: Econ. Grot., vol. 18, pp. 88-01, 1923. 

82 Burton, W. D.: Econ. Grot., vol. 21, p. 593, 1926. 
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2. Narrow Rims of Replacing Mineral around Ore Minerals 
or Gangue, “ Centripetal Replacement.”—Bastin ** used this cri- 
terion at an early date in the study of polished surfaces, and it 
has been much used since.** Rogers described chalcocite veins 
along quartz veinlets bordered by melaconite. Bastin noted at 
Aspen that pyrite and sphalerite embedded in tetrahedrite seemed 
to control replacement of tetrahedrite by poiybasite. Recently 
Bateman * has emphasized the fact that while the rim pattern is 
typical of supergene processes, hypogene processes are not ex- 
cluded. Whether or not this is strictly limited to supergene 
replacement, it is a characteristic structure developed by it. 

3. Seriatim Replacement. Series of Minerals Developed from 
One.—First described by Graton and Murdoch. A series of 
replacements, as pyrite surrounded by successive rims of chalco- 
pyrite, bornite and chalcocite, is generally considered charac- 
teristic of supergene processes. ‘Thompson *’ describes a series 
of replacements as a common relation of secondary bornite and 
chalcopyrite to pyrite at Butte. It should be noted that it is 
possible to produce this texture by heating copper ores.** 

4. Feathery Aggregates or Acicular Crystals Replacing Host. 
—Graton and Murdoch” originally described secondary blades 
of covellite which coalesce into aggregates of feathery appear- 
ance. Turner and Rogers *” also describe covellite as acicular 

93 Bastin, E. S..: Econ. Gror., vol. 8, p. 51, 1913. 

94 Rogers, A. F.: Econ. Grot., vol. 8, pp. 781-794, 1913; vol. 11, p. 378, 1916; 
Min. and Sci. Press, vol. 109, pp. 680-683, 1914. Turner, H. W., and Rogers, A. 
F.: Econ. Grot., vol. 9, p. 359, 1914. Thompson, A. P.: Trans. A. I. M. E., vol. 
52, pp. 563-594, 1915. Graton, L. C., and McLaughlin, D. H.: Econ. GEot., vol. 12, 
p. 563. McLaughlin, D. H.: Econ. Geot., vol. 13, pp. 82-91, 1916; vol. 14, p. 473, 
1919. Bastin, E. S.: U. S. Geol. Surv. Bull. 735-C, 1922. Hurst, M. E.: Econ. 
GEOL., vol. 17, pp. 675-702, 1922. Paige, S.: U. S. Geol. Surv. Prof. Paper 122, 
1922. Bastin, E. S.: Econ. Geot., vol. 18, pp. 88-91, 1923; U. S. Geol. Surv. 
Bull. 750, 1924. Short, M. N., and Ettlinger, I. A.: Trans. A. I. M. E., vol. 74, 
P. 97, 1926. 

95 Bateman, A. M.: Econ. GEot., vol. 25, pp. 366-418, 1930. 

96 Graton, L. C., and Murdoch, J.: Trans. A. I. M. E., vol. 45, p. 64, 1913. 

97 Thompson, A. P.: Trans. A. I. M. E., vol. 52, pp. 563-594, 1915. 

98 Wandke, A.: Econ. GEot., vol. 21, pp. 166-171, 1926. 

99 Graton, L. C., and Murdoch, J.: Trans. A. I. M. E., vol. 45, p. 52, 1913. 

100 Turner, H. W., and Rogers, A. F.: Econ. GEou., vol. 9, p. 359, 1914. 


crystals 


These < 


ment. 
Jewell ’ 
origin | 
feather. 
superge 
5. B 
of Thi: 
phide rf 
botryoi 
some *° 
Globe 
found 1 
charact 
man *°* 
and Je 
casite ¢ 
gene p 
hypoge 
6. 7 
Beeson 
mainly 
second: 
in han 
comme 
replace 
7. 5 
101 Gr 
102 Jey 
103 Ba 
104 Th 
105 Ra 
106 In) 
107 Sc 
108 Ba 
109 Jer 
110 Be 





ORIGIN OF ORE MINERALS. 549 


crystals penetrating other minerals such as bornite and chalcocite. 
These are said to have developed by ascending sulphide enrich- 
ment. Graton and McLaughlin*”’ noted the same texture. 
Jewell **? concluded the texture to be characteristic of supergene 
origin at Hyder, Alaska. Recently Bateman *’* has referred to 
feathery and concentric structures in African ores as typical of 
supergene ores. 

5. Botryoidal, Pisolitic and Concentric Structures. Structures 
of This Type are Characteristic of Secondary Ores both in Sul- 
phide and Oxide Zones-——Thompson** classified as supergene 
botryoidal masses of chalcocite replacing pyrite. In fact Ran- 
°° long ago noted in hand specimens that chalcocite from 
Globe sometimes showed a pisolitic structure. This has been 
found true of the polished surfaces of Globe chalcocite *** and is 
characteristic of the oxide minerals in the same veins.’ Bate- 


some 


108 


man *°** has recently noted similar examples in the Rhodesian ores, 
and Jewell *°® noted concentric structures in Alaskan ores. Mar- 
casite commonly shows concentric texture. Conditions of super- 
gene processes seem to favor the formation of the textures but 
hypogene processes should not be completely excluded. 

6. Thin Coatings of Possible Supergene Minerals on Host.— 
Beeson *° noted coatings of covellite on pyrite and chalcopyrite, 
mainly in the upper zones, at Bingham, Utah. Thin coatings of 
secondary chalcopyrite were also noted. This criterion especially 
in hand specimens has been much used. Sooty chalcocite occurs 
commonly as thin coating in the very earliest stages of supergene 
replacement of copper sulphides. 

7. Sooty Chalcocitte, Bluish White Chalcocite, etc—Sooty 

101 Graton, L. C., and McLaughlin, D. H.: Econ. GEot., vol. 12, p. 29, 1917. 

102 Jewell, W. B.: Econ. Grot., vol. 22, pp. 494-518, 1927. 

103 Bateman, A. M.: Econ. GEot., vol. 25, p. 401, 1930. 

104 Thompson, A. P.: Trans. A. I. M. E., vol. 52, pp. 563-504, 1915. 


106 Investigation by writer. 

107 Schwartz, G. M.: Econ. Grot., vol. 16, pp. 3 

108 Bateman, A. M.: Econ. GEoL., vol. 25, p. 401, 1930. 

109 Jewell, W. B.: Econ. Geotr., vol. 22, pp. 494-517, 1927. 
110 Beeson, J. J.: Trans. A. I. M. E., vol. 54, p. 387, 1916. 
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chalcocite was noted by Kirk*” as a characteristic product of 
secondary sulphide deposition. Rogers *** considers it well es- 
tablished that “ sooty” chalcocite just below the oxidized zone 
is formed by descending waters. Graton and McLaughlin *™ 
found that bluish white chalcocite was common in chalcocite with 
sooty texture. Bateman and McLaughlin ** considered the ab- 
sence of sooty chalcocite at Kennecott, Alaska, as an argument 
against the supergene origin of the chalcocite, and Bateman *” 
used the same argument regarding chalcocite at Bristol, Con- 
necticut. Field evidence gives support to this criterion. 

In general, material in a colloidal state is evidence of supergene 
origin. Colloform texture may be hypogene but the state of the 
material is no longer colloidal. 

8. Irregular Cracks, Small Grains of Chalcocite. ‘ Metacol- 
loidal Texture.”—Graton and Murdoch *** described as secondary, 
chalcocite which showed small irregular cracks and small grains 
on etching. Thompson * regarded these characteristics as un- 
safe criteria. Tolman *** made an exhaustive study of the etch 
structure of chalcocite and concluded that an exceedingly fine 
etch structure (“ metacolloid”’) suggested downward enrichment. 
He also found that the parallel striations of the second genera- 
tion of chalcocite contrasted strongly with the regular isometric 
etch pattern of the first generation. The student would normally 
have difficulty in applying this criterion. 

9. Serrate Boundaries of Replacement Contacts——Short and 
Ettlinger *° note that at low magnifications the contact of super- 
gene mineral of veinlet and host is usually smooth but at high 
magnification, veinlet shows serrate boundary whereas the hypo- 
gene minerals project into without passing through host, and 
lack the serrate boundary. 

111 Kirk, C. T.: Econ. GEot., vol. 7, p. 75, 1912. 

112 Rogers, A. F.: Econ. GEot., vol. 8, p. 789, 1913. 

113 Graton, L. C., and McLaughlin, D. H.: Econ. GErot., vol. 13, pp. 82-91, 1918. 

114 Bateman, A. M., and McLaughlin, D. H.: Econ. GEot., vol. 15, p. 71, 1920. 

115 Bateman, A. M.: Econ. GEot., vol. 18, pp. 122-166, 1923. 

116 Graton, L. C., and Murdoch, J.: Trans. A. I. M. E., vol. 45, p. 57, 1913. 

117 Thompson, A. P.: Trans. A. I. M. E., vol. 52, pp. 563-594, 1915. 

118 Tolman, C. F.: Trans. A. I. M. E., vol. 54, p. 402, 1916. 

119 Short, M. N., and Ettlinger, I. A.: Trans. A. I. M. E., vol. 74, p. 198, 1926. 
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10. Angular Relics of Older Sulphide, Especially in Earlier 
Stages of Replacement by Chalcocite-—Locke, Hall and Short *”° 
found this condition in Butte chalcocite of supergene origin. It 
is probably not widely applicable, as angular remnants certainly 
develop under hypogene conditions at places. 


Mineralogical and Chemical. 


1. Presence of Known Supergene Minerals (1.e., Malachite, 
Melaconite, Limonite, etc.) of Same Age as Late Sulphides.— 
Tolman ** noted veinlets of chalcocite connecting directly with 
a series of veinlets filled with malachite and along which rosettes 
of melaconite were developed. Graton and McLaughlin **” con- 
sidered the presence of limonite as suggestive of the supergene 
origin of sulphides. Whitehead *** found graphic intergrowths 
associated with veinlets of oxidized minerals. Rogers *** found 
veinlets of chalcocite followed immediately by melaconite. Amor- 
phous hematite was considered a conclusive criterion of super- 
gene action. Bateman and McLaughlin *” considered the ab- 
sence of limonite where chalcocite replaced bornite as an indi- 
cation of hypogene origin. Other similar examples have been 
cited.**° 

2. Kaolin when Present may under Certain Conditions suggest 
Supergene Action; its Absence suggests Hypogene Alteration.— 
Kirk *** argued that much of the Butte chalcocite was secondary 
because it is associated with kaolin. Ray** used the lack of 
kaolin in certain ores at Butte as an indication of hypogene origin. 

120 Locke, Hall and Short: Trans. A. I. M. E., vol. 70, pp. 933-963, 1924. 

121 Tolman, C. F.: Trans. A. I. M. E., vol. 54, p. 407, 1916. 

122 Graton, L. C., and McLaughlin, D. H.: Econ. Grot., vol. 12, p. 23, 1917. 

123 Whitehead, W. L.: Econ. Gerot., vol. 11, pp. 1-13, 1916. 

124 Rogers, A. F.: Econ. Grot., vol. 11, p. 378, 1916; also Min. and Sci. Press, 
vol. 104, pp. 680-683, 1914. 

125 Bateman, A M., and McLaughlin, D. H.: Min. and Sci. Press, vol. 15, p. 71, 
1020. 

126 Bastin, E. S.: Min. and Sci. Press, vol. 18, pp. 88-91, 1923; Guild, F. N.: 
Fairbanks’ Laboratory Investigation of Ores, pp. 200-239, 1928. 

127 Kirk, C. T.: Econ. GEot., vol.-7, pp. 35-82, 1912. 

128 Ray, J. C.: Econ. GEot., vol. 9, p. 463, 1914. 
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Bateman **° used the same criterion. Paige*®* thinks the asso- 
ciation of kaolin and chalcocite a strong evidence of supergene 
origin. It is probable that associations of the latter type are 
most useful. 

3. Lack of Gangue Minerals with Sulphides is Suggestive — 
Bastin *** suggested in his description of the San Juan silver 
deposits that the lack of gangue minerals indicates a supergene 
origin for the sulphides present. Most gangue minerals are 
undoubtedly deposited by hypogene solutions and they are usually 
abundant where such solutions have been active. 

4. Abundant Chalcocite Free from Bornite-—Locke, Hall and 
Short ** suggested this condition as a criterion of supergene 
action at Butte. 

5. Presence of Selenite in Chalcocite-bearing Ore.—Rogers *** 
used the association of selenite and chalcocite as a strong evidence 
of downward enrichment. 

6. More Rapidly Replaceable Mineral Most Altered, as Bornite 
Replaced in Preference to Chalcopyrite—Graton and McLaugh- 
lin *** stated that this condition was to be expected in supergene 
action. 

7. Presence of Quartz in Center of Veinlets with Chalcocite — 
Rogers ** says “ The second generation of chalcocite is probably 
of supergene origin, as definite veinlets occur often with quartz 
centers.” The statement refers to an ore from the Virgilina 
district and while the conclusion is probably correct for the exam- 
ple described, it is difficult to see how this criterion can have 
validity for general use. 

Processes. 

1. Selective Replacement.—Bastin **° has suggested that selec- 

tive replacement, as sphalerite unaltered and galena replaced by 


129 Bateman, A. M.: Econ. GEot., vol. 18, pp. 122-166, 1923. 

130 Paige, S.: U. S. Geol. Surv. Prof. Paper 122, 1922. 

131 Bastin, E. S.: U. S. Geol. Surv. Bull. 735—D, p. 113, 1922. 

132 Locke, Hall and Short: Trans. A. I. M. E., vol. 70, p. 29, 1924. 

133 Rogers, A. F.: Min. and Sci. Press, vol. 109, pp. 680-683, 1914. 

134 Graton, L. C., and McLaughlin, D. H.: Econ. GEot., vol. 12, p. 30, 1917. 
135 Rogers, A. F.: Econ. Grou., vol. 11, p. 137, 1916. 

136 Bastin, E. S.: Econ. Grot., vol. 8, p. 51, 1913. 
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cn 


polybasite with a very irregular boundary, is indicative of super- 
gene action. This is a process related to (6) under Mineralogical 
Criteria. 

2. Location. Certain Sulphides Limited to Oxide Zone or 
Near It—Lindgren ** stated that the occurrence of the sulphides 
chalcocite and covellite only in or near the oxide zone suggests 
that they are supergene. This of course requires microscopic 
study of specimens whose location is accurately known. 

3. Replacements Only Near Porous and Somewhat Oxidized 
Portions of the Ore—Bastin *** found proustite and polybasite 
replaced by native silver only near porous and somewhat oxidized 
portions in the ores from near Chloride and Kingman, Arizona. 


UNIVERSITY OF MINNESOTA, 
MINNEAPOLIS, MINN. 


1387 Lindgren, W.: Econ. GEov., vol. 10, pp. 225-240, 1915. 
138 Bastin, E. S.: U. S. Geol. Surv. Bull. 750-B, p. 23, 1924. 











GENESIS OF THE ILMENITE DEPOSITS OF ST. 
URBAIN, COUNTY CHARLEVOIX, QUEBEC. 


JOSEPH L. GILLSON. 


LOCATION AND HISTORY. 


Tue ilmenite deposits of the St. Urbain district, County Charle- 
voix, Quebec, lie about seven miles north of Baie St. Paul, a town 
on the north shore of the St. Lawrence River, about sixty miles 
northeast of the City of Quebec. Although the village of St. 
Urbain is within two miles of the deposits, the nearest settlement 
is St. Jerome, and the deposits lie partly in the St. Jerome Range 
of lots as well as across the range boundary or “ trait carré line” 
on the St. Urbain Range. 

The deposits have been known for a long time, as the Seigneur 
de la Tesseric is said to have located one of them in 1666. In 
1872 an English company attempted to smelt the ore for iron with 
wood charcoal, but after spending a considerable sum of money, 
the venture failed, as the ore was entirely too refractory to be 
treated by this method. 

About 1914, a number of Canadian gentlemen acquired the 
land formerly held by the English company, except for two lots 
which had just been optioned by an American company who also 
acquired an adjoining tract and began mining under contract, in 
a small way, one of the ore bodies on their land. 

The information for the present paper was obtained during 
a prospecting program for ilmenite for the manufacture of ti- 
tanium pigments. A dip needle survey and a detailed survey with 
the Hotchkiss Superdip were made in 1930 and 1931 and all of 
the bodies were outlined, and another body not previously known 
to exist was found. Considerable diamond drilling was done 
and hence this study is based not only on a detailed examination 
of the distribution of the ore bodies by magnetic methods, and a 
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field examination of all the old workings and outcrops, but also 
on an examination of a number of hundred feet of drill cores. 


PREVIOUS KNOWLEDGE OF THE DISTRICT. 


The district has been described in some detail, principally by 
Robinson* and Mawdsley.” Mawdsley mentions some earlier 
reports, principally one by Dulieux.* Warren * described some 
of the mineralogical details of the district, and in a later paper ° 
he discussed the microstructure of various titanic iron ores, in- 
cluding those of St. Urbain. This phase of the general problem 
has been studied also by several other scientists, and will be treated 
on a later page. 

Osborne ° has made the most exhaustive study of titaniferous 
iron ores, and has published his conclusions in a long paper. He 
visited the St. Urbain area, and described it briefly. Vogt * was 
the original student of titaniferous iron ore deposits, and although 
he never visited the St. Urbain district, his memoir has become 
a classic largely because of its influence on the conception that ore 
deposits were due to magmatic processes rather than a result of 
surface water action.* Vogt based his conclusions concerning 
ilmenite deposits largely on a study of the deposits of Southern 
Norway. As the present writer has also had an opportunity to 
visit that district and study some of the deposits in considerable 

1 Robinson, A. H. A.: Titanium. Can. Dept. of Mines, Mines Branch, Report 579, 
1922, pp. 46-56. 


2 Mawdsley, J. B.: St. Urbain Area, Charlevoix County, Quebec. Can. Geol. Surv., 
Mem. 152, 1927. 

3 Dulieux, P. E.: Report on Mining Operations in the Province of Quebec, 1911, 
pp. 86-91. Que. Dept. of Mines, 1912. 

4 Warren, C. H.: The Ilmenite Rocks near St. Urbain, Quebec, a New Occurrence 
of Rutile and Sapphirine. Amer. Jour. Sci., (4), vol. 33, pp. 263-277, 1912. 

5 Warren, C. H.: On the Microstructure of Various Titanic Iron Ores. Econ. 
GEOL., vol. 13, pp. 419-446, 1918. 

6 Osborne, F. F.: Certain Magmatic Titaniferous Iron Ores and their Origin. 
Econ. GEOL., vol. 23, pp. 724-761, and 895-922, 1928. 

7 Vogt, J. H. L.: Bildung von Erzlagerstatten durch Differentiationprocesse in 
basische Eruptivmagma. Zeit. prakt. Geol., 1, pp. 4-11, 125-143 and 257-284. 1893. 

8 Lindgren, Waldemar: Magmas, Dikes and Veins. Amer. Inst. Min. Engrs., 
paper 1575-I, pp. 2-3, 1926. 
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detail, he feels more confidence in discussing the problem of the 
genesis of these interesting ores. 

Vogt, Mawdsley, and Osborne are united in the view that the 
ilmenite ores are later than the anorthosite rock in which they 
occur, a conclusion with which the writer agrees. These authors, 
with Warren, believe, however, that the ores are magmatic in 
origin, representing the crystallization of an actual magma, which 
was composed essentially of molten ilmenite. They believe that 
the absence of evidence of pneumatolytic action proves that the 
ores cannot be of that origin. 

Vogt ® says that the formation of the magnetite-ilmenite de- 
posits must be due to a pure gravitative differentiation (with 
accompanying resorption) without any direct codperation of the 
volatile compounds. Thus, the ore deposits may have crystal- 
lized from practically “dry ” magmas, and in accordance there- 
with, pneumatolytic minerals are almost entirely lacking. In the 
same article *° he said, that so far as we know, ore deposits origi- 
nating by the escape of gases are entirely lacking in connection 
with anorthosites. 

Although these other writers have made no mention of the 
magmatic, or so-called magmatic sulphide ores, it seems to the 
writer that the problem here is identical with that problem, as 
was brought out by Tolman and Rogers,” who state: 


There is no essential distinction between the sulfid group and the mag- 
netite-ilmenite group as to the origin or the relation of the ores or to the 
silicate minerals. In all the magmatic ores examined, ore deposition takes 
place at the close of the magmatic period. 


The essential difference between the theory of origin advanced 
by Osborne, Vogt, and Mawdsley and that by the present author 
in regard to these ilmenite deposits of St. Urbain is the same dif- 
ference that existed between those who supported a theory of sul- 
phide injection at the Sudbury nickel deposits and those who ad- 


® Vogt, J. H. L.: Magmas and Igneous Ore Deposits: Econ. Geot., vol. 21, p. 
311, 1926. 

10 Op. cit., page 224. 

11 Tolman, C. F., Jr., and Rogers, A. F.: A Study of the Magmatic Sulfid Ores. 
Leland Stanford Univ. Pub., 1916, p. 71. 
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vocated the theory of a hypothermal (hydrothermal) origin.” 
That the ilmenite is genetically connected with the anorthosite is 
no more in doubt at St. Urbain than that the sulphide ore bodies 
at Sudbury are related to the norite. 

As Lindgren * has stated, much of the trouble in explaining 
the genesis of the Sudbury deposits is evidently caused by lack of 
definition of terms. Osborne and Mawdsley have described these 
ores at St. Urbain as having been intruded by a magma, without 
defining whether they mean a magma in the ordinary sense or are 
using the term as Tolman and Rogers ** did in their general paper, 
or as Kerr ** did in describing the deposits from Chicagof Island, 
Alaska. These latter gentlemen believe the “ magmatic” ores 
were formed by replacement of the silicates after the solidification 
of the igneous rock, and are describing a process which Graton 
and McLaughlin ** later described as “ pneumotectic.” In other 
words, Osborne and Mawdsley have not been clear whether they 
mean “ orthotectic”’ or ‘‘ pneumotectic’’ in describing the St. 
Urbain ores. 

The writer will advance evidence in this paper in an attempt to 
show that the ilmenite ores were deposited by replacement at a 
stage in a long paragenetic sequence resulting from the soaking 
through the solid anorthosite of solutions, probably first gaseous 
and later liquid. If Osborne and Mawdsley meant that the ores 
were pneumotectic, the writer differs with them mainly by the 
uncertainty in the definition of pneumotectic. If this is what 
Knopf and Anderson*' defined as Duparc’s “ epigenie mag- 
matique,” then the writer disagrees, as he puts the process still 
further along into the actual pneumatolytic and hydrothermal 


12 Lindgren, Waldemar: Mineral Deposits, p. 903. McGraw-Hill Book Co., New 
York, 1928. 

13 Lindgren, Waldemar, idem. 

14 Tolman, C. F., Jr., and Rogers, A. F.: Op. cit. 

15 Kerr, Paul F.: A Magmatic Sulphide Ore from Chicagof Island, Alaska. 
Econ. GEOL., vol. 19, pp. 360-376, 1924. 

16 Graton, L. C., and McLaughlin, D. H.: Further Remarks on the Ores of 
Engels, California. Econ. Grot., vol. 13, p. 84, 1918. 

17 Knopf, Adolph, and Anderson, C. A.: The Engels Copper Deposits, California. 
Econ. GEOL., vol. 25, p. 17, 1930. 
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stages. If Osborne and Mawdsley meant that the ores were 
“ orthotectic,” the writer differs with them profoundly. 

It is believed that they meant that the ilmenite was simply a 
late pyrogenetic mineral to crystallize, i.e., that it was orthotectic 
and that the rock and ore have what Duparc called a sideronitic 
texture in which the ore mineral appears as a cement among the 
grains of other minerals.** 


GENERAL GEOLOGICAL FEATURES. 


The general geology of the district has been described in detail 
by Mawdsley*® and the following summary is based on his 
memoir. 

The St. Urbain map area lies on the southeast margin of the 
great area of pre-Cambrian rocks known as the Canadian Shield. 
A few areas and small patches of Ordovician strata occur in the 
valley of the Gouffre, a tributary of the St. Lawrence, flowing 
through the central part of the map area. Along the shore of the 
St. Lawrence is a complex of schists and gneisses, presumably of 
sedimentary origin, invaded by, and intimately associated with, 
granitic masses. 

The batholitic rocks are of two groups. One group consists 
of granites, syenites, and diorites; the other group consists of 
anorthosites. The latter exclusively occupy an oval area eighteen 
miles long and completely encircled by the former group. No- 
where was a member of one group seen to invade the other group. 
The boss-like form of the great anorthosite mass suggests that it 
is intrusive into the surrounding granite-diorite series. 

This relatively small anorthosite boss within the map area is 
on the southeast margin of the belt of anorthosite masses extend- 
ing through Quebec. The maximum width of the boss is nine 
miles, and the oval area is underlain only by anorthosite, so far 
as known, but it is covered through a large part of its extent by 
glacial and lacustrine deposits, the latter being remarkable in their 
extent and degree of preservation. 


18 Zavaritsky, A. N.: Classification of Magmatic Ore Deposits. Econ. Gero t., 
vol. 22, p. 680, 1927. 
19 Mawdsley, J. B.: Op. cit. 
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The anorthosite varies in composition from place to place and 
ranges from a rock essentially composed of andesine (Ab;o-¢5- 
ANgo-s5) to one essentially composed of labradorite (Ab4s-2;- 
Anss-65). The field evidence indicates that on the whole the more 
basic phases occupy distinct areas and are cut by more acid phases. 
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Fic. 1. Plan showing location of ilmenite and rutile deposits, parish 
of St. Urbain, Charlevoix County, Quebec. (From Robinson, A. H. A. 
See footnote 1.) 


The anorthosite in the vicinity of the ilmenite deposits near St. 
Jerome varies from Ab,.—Ansg to Ab;;-Anys, 7.€., it is a basic 
andesine anorthosite. A striking feature of this anorthosite, 
which seems to be a common feature of many anorthosites, is the 
presence of large plagioclase crystals, which have been fractured, 
and invaded by finer-grained feldspar masses. 
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Mawdsley says that the andesine anorthosite carries 3 to 4 per 
cent. of femic minerals, and about 8 per cent. of orthoclase. The 
femic minerals are hypersthene, hornblende, and biotite. Zircon 
and apatite were noted by Mawdsley, but are presumably rare in 
the typical rock, so far as sections seen by the author are con- 
cerned. In none of the sections of anorthosite taken from near 
the ore was any hypersthene found by the author, although its 
occurrence is also mentioned by Osborne.*° The author also did 
not observe any hornblende or orthoclase in the sections studied by 
him. 

Although the anorthosite is in general a massive rock, without 
apparent foliation, a distinct gneissic structure is seen locally. In 
the vicinity of the ilmenite deposits this foliation runs about north 
40 to 60 degrees west and dips about 50 degrees northeast. In 
some sections a protoclastic structure was seen, giving clear evi- 
dence of crushing. This local foliation is a most important factor 
in the localization of the ore deposits, and must be strongly em- 
phasized. 


METHOD OF MAGNETIC SURVEYING. 


It would seem of interest here to describe briefly the use of the 
Hotchkiss Superdip * in this district, and to express appropriate 
appreciation of the value of this useful instrument in magnetic 
surveying. A value of “sigma” of three degrees was used. 
Over ore bodies as strongly magnetic as these it had been sug- 
gested to use a higher value for sigma, in order to avoid having 
the needle swing so far over places of intense magnetic permeabil- 
ity. However, a higher sigma did not give the sensitivity over 
places of lesser permeability, and the smaller value seemed to be 
more appropriate. It was true that over places of intense mag- 
netic permeability the needle swung either nearly all the way 
around the dial, or fell backward, and hence gave no reading at all, 
but this was no handicap in the work. The finding of the ore 
bodies themselves was the important factor, and whereas this was 

20 Osborne, F. F.: Op. cit., pp. 743-4. 


21 Stearn, N. H.: Practical Geomagnetic Exploration with the Hotchkiss Superdip. 
Amer. Inst. Min. Eng., Tech. Pub. 370, 31 pp. Feb. 1931 meeting. 
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only fortuitous with the ordinary dip needle that gives no in- 
dication until it is held almost over the ore, the superdip survey 
guided the observer directly to the ore body, as the plotting of the 
“isomags ” that were only a little above, or a little below normal 
showed the direction in which the ore body lay. As plotted by 
the superdip, abnormal isomags are found many hundred feet 
from an ore body in some instances, and hence ore bodies were 
found that would have been discovered by the dip needle only by 
taking numerous readings over very closely spaced traverses. 


THE ORE DEPOSITS. 


General Statement.—Descriptions by Mawdsley, Robinson, and 
Osborne, give the impression that the ilmenite deposits are iso- 
lated distinct lenses and “do not seem to be along any definite 
zone nor to be structurally related to one another.” ** Osborne ** 
says: 

The ore is essentially intrusive in character. It has injected the 
anorthosite, broken through it, and engulfed blocks of it. It is difficult 
to convey an idea of the irregularity of outline of the deposit. The walls 
are not sharply marked fissures as they are in many dikes. The sketch 
maps accompanying Mawdsley’s memoir give some idea of their ir- 
regularity but in the field it is even more striking. 

The detailed survey with the Hotchkiss Superdip shows that 
this conception is almost as untypical of the St. Urbain area, as 
it is of the Norwegian deposits of ilmenite. The latter consist 
of stringers of massive ilmenite and disseminated ore confined 
along certain zones, which can be traced in two cases at least, for 
several kilometers. 

In the St. Urbain area the ore deposits occur in a wide zone 
more than a mile and a half long, parallel to the foliation of the 
rock. Throughout this long zone the ore is more or less contin- 
uous, but occurs mostly as impregnations of ilmenite in rock (1.e., 
disseminated deposits) and dike-like or vein-like masses of higher 
grade ores. The major deposits are lenses of higher grade ores, 

22 Mawdsley, J. B.: Op. cit., p. 40. 

23 Osborne, F. F.: Op. cit., p. 744. 
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and are confined to a central zone where there seems to be defi- 
nitely a cross fracturing, that is, the best ore “ made” on inter- 
sections of structural features, as is common in so many vein 
deposits. 

This distribution of the ore deposits is considered to be highly 
important in the interpretation of their genesis, and seems to the 
writer to favor only one conclusion; namely, that the deposits 
were formed after the consolidation and shearing of the anortho- 
site. 

Occurrence and Distribution.—Fig. 1 is taken from a map by 
Robinson and shows the property divisions typical of Quebec. 

Beginning at the southeast end of the zone on lot 312 of the 
St. Urbain range, there is first the property known as the “ Glen.” 


This is a narrow high-grade dike-like body from ten to twenty 


feet in width, and with a dip of about 50° to the southwest. It 
is sharply defined in walls.of barren anorthosite. Near it are 
other similar parallel dikes or veins, as shown by the magnetic 
survey, none of which are of important size. 

Extending northwestward across lots 313, 315 and 318 are 
other narrow discontinuous dike-like bodies on which no pros- 
pecting has been done. These can be followed by the isomags 
continuously to lot 319, on which the Coulomb body, which is the 
first of the major deposits, occurs. Beyond the Coulomb the un- 
important ore bodies continue northwestward in a line almost as 
straight as it could be drawn on a map. In the vicinity of the St. 
Jerome road, on lot 611, the zone seems to give out. Some 
drilling was done in this northwest extension beyond the Coulomb 
so that the nature of the ore is known. 

In the vicinity of lots 319 and 323 there is a cross extension 
of the ore zone, or rather two parallel cross zones. These are 
almost normal to the main axis of the deposits. One of these 
cross zones extends westward from the Coulomb through a wide 
area of disseminated ores, with some narrow dikes of higher 
grade, exemplified by the Joseph Bouchard prospect. The zone 
extends westward beyond the St. Jerome road. A little further 
to the northwest is another parallel line beginning with the Gen- 
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eral Electric mine, on the northeast, and extending southwestward 
as marked by an unbroken area of higher magnetic anomalies, 
through to lot 619 on which is another body of major dimensions, 
the finding of which by magnetic methods of prospecting is a 
distinct additional contribution to practical geology by geophysical 
methods of prospecting. 

Farther to the north is another cross line, or zone, on the west 
end of which is the Bignell ore body on lot 608, and on the east 
end, the Furnace mine on lot 363. This body was the one first 
worked in the district by the English company. Detailed survey- 
ing with the Hotchkiss Superdip was not done on this cross axis, 
so that less can be stated about it, but a number of traverses of 
the area were made with the dip needle. The Bignell body is 
elongated parallel to the general structural direction, but extend- 
ing southwestward from it is a wide zone of disseminated ore, 
similar to that extending southwestward from the Coulomb. 
This zone extends across lot 609 onto lot 610, but seems to give 
out in the vicinity of the St. Jerome road. 

This definite arrangement of all the ore bodies and zones is 
seen very clearly on a general map of the district. The reader 
will understand that the omission of this map here is merely to 
avoid disclosure of commercial information, and a substitution of 
a generalized map is made purely to illustrate the structural lines. 
This definite arrangement gives a very different conception of 
occurrence than would randomly distributed bodies, with no rela- 
tion to each other. Furthermore, although there are several 
bodies of massive ore, by far the largest part of the ore-bearing 
ground is underlain by disseminated ore, a fact not previously 
known. Descriptions below will endeavor to show that this dis- 
seminated ore is the result of a replacement of the normal anortho- 
site by ilmenite and several gangue minerals. 

General Features ——The massive ore is a heavy, black, crystal- 
line aggregate, the individual grains of which average from % 
to % inch in diameter. The ore mineral is almost exclusively 
ilmenite (with intergrown hematite), although in one body—the 
General Electric mine—there is also considerable rutile. Mag- 

38 
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netite is almost entirely absent, except in very small quantities in 
the General Electric mine. This absence of magnetite makes the 
ore unique in comparison with Virginian and Norwegian ores. 
The only other metallic minerals are pyrite, pyrrhotite and chalco- 
pyrite, which, although widely distributed, are subordinate in 
quantity. 

Gangue minerals are present in every part of the ore. In addi- 
tio to the original andesine of the anorthosite, there is a later 
generation of silicates, oxides and carbonates. A discussion of 
these gangue minerals and their occurrence is reserved for another 
page, as their identity and abundance is considered important in 
determining the origin of the ores as due to pneumatolytic and 
hydrothermal action. Although subordinate in quantity in the 
massive ores, the gangue minerals increase in abundance in the 
lower grade bodies, which are simply anorthosite, with dissemi- 
nated ilmenite, and closely resemble (except for the identity of the 
minerals) most of the Norwegian ores. 

Horses of barren anorthosite are a common feature of all the 
ore deposits. They are of varying size and shape, and in most 
cases have sharp boundaries, as do also the ore bodies themselves 
against their walls. All the horses show considerable evidence of 
hydrothermal action. 

A characteristic of the occurrence of the ore which is con- 
sidered to be important in interpreting the genesis, is the presence 
of narrow stringers and veins of ilmenite, continuous for many 
feet and in places for many yards. Such stringers, so character- 
istic of the Norwegian ores, are abundant in the St. Urbain area, 
and can be readily seen in and around the General Electric pit, 
and on the outcrops around the East Coulomb ore body. In the 
former case a banded zone of alternating rock and ore can be 
traced nearly all the way across the pit, and if due to the intrusion 
of ilmenite magma, implies the existence of an exceedingly ten- 
uous one. In and around the East Coulomb are many narrow 
stringers and gash veins of ilmenite. In the drill cores it was 
found to be almost universal that narrow stringers and veinlets 
of ore were passed through close to the main ore zone. 
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The larger bodies have a general pod-like form, elongated 
parallel to the principal northwest structural direction, although 
the exact shape of the bodies is not known except insofar as 
drilling and pitting have been done. The isomags determine the 
general shape, but the drilling proved that no particular isomag 
can be used as the ore boundary, as the spacing and distribution 
of the isomags is controlled by the mass of the ore, and the 
proximity of other masses. The shape of the bodies is quite ir- 
regular, and when plotted in detail, takes bizarre forms. For 
example, when plotted on the map, the General Electric mine re- 
sembles a duck, the principal opening being the body and the 
smaller opening the head. The 619 body has a boot shape, with 
a decided narrowing at the ankle. An elongated spur extends 
southwestward from the heel for several hundred feet, widening 
out to the west. The bedy elongated across lots 323 and 324, 
and 617, 613 and 611, widens and pinches in a series of pods, the 
axis of which almost exactly follows the northwest axis, which 
has been traced along from the Glen prospect, more than a half 
mile away. 

The crowding of the isomags on the northeast side of some of 
the ore bodies, and the wider spacing on the southwest suggests a 
westward dip, which has been in places proven by drilling. Other 
bodies seem to have a nearly vertical dip. The large low grade 
ore bodies extending southwestward from the Coulomb and 
Bignell ore bodies are in each case on the hanging wall side of 
the bodies. The footwall of each is sharply defined, against 
barren rock. 

The writer concludes that the distribution of the bodies and 
their shape and other characteristics above described shows that 
the ore was formed following the almost complete consolidation 
and shearing of the anorthosite. 

Mineralogy.—The massive ore consists essentially of ilmenite 
in which are rods or irregular inclusions of hematite resembling 
perthite. These intergrowths were described in detail by War- 
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ren, * and have been discussed by a number of other observers.”* 
That such intergrowths are due to crystal unmixing at tempera- 
tures below 700° seems to be well established. Conversely, their 
presence indicates that the homogeneous mineral formed at tem- 
peratures above that figure. 

The gangue minerals are the andesine of the original anortho- 
site, which is the only primary rock mineral found in any quantity 
in any of the slides examined, and the following minerals, which 
formed in the old rock by replacement : a mica close to phlogopite, 
apatite, tourmaline, rutile, sapphirine, quartz, spinel, zoisite, 
chlorite, sericite, serpentine, carbonate and zeolites. The number 
of the species, and their wide distribution seriously detracts from 
the statement that the ilmenite ores can not be due to pneumato- 
lytic or hydrothermal action because of the paucity of mineraliza- 
tion of that nature. 

A description of a few specimens will illustrate the character 
of the mineralization, and show the paragenesis. As is the case 
with deposits of contact metamorphism, and other deposits of 
pneumatolytic and hydrothermal action, the mineralization is ir- 
regular, and no single place or set of slides illustrates the entire 
process. In the following descriptions, examples illustrating 
higher temperature mineralization will be given first, followed 
by others showing also the more abundant action of lower tem- 
perature solutions. 

A sample of mixed ore and rock, surrounded by massive ore, 
was taken from the drill core at a depth of 95 feet in one of the 
holes. There is about 50 per cent. of ilmenite present in the 
sample. The basic andesine feldspar shows acidification around 
the grain margins to oligoclase, which in places is clearly marked. 


24 Warren, C. H.: On the Microstructure of Certain Titanic Iron Ores. 
GEOL., vol. 13, pp. 419-446, 1918. 

25 Gruner, J. W.: Structural Reasons for Oriented Intergrowths in Some Min- 
erals: Amer. Miner., vol. 14, pp. 228-230, 1930; Magnetite, Martite, Hematite. 
Econ. GEoL., vol. 21, p. 388, 1926. Singewald, J. T.: The Microstructure of 
Titaniferous Magnetites. Econ. Geox., vol. 8, pp. 207-214, 1913. Ramdohr, R.: 
Beobachtungen. an Magnetit, Ilmenit, Eisenglanz: Neues Jahr. Beil. Band 54—A., p. 


346, 1926. Schwartz, G. M.: Textures due to Unmixing of Solid Solutions. 
Econ. GEOL., vol. 26, pp. 751-2, 1931. 


Econ. 











Ze ying 


thosite. 
ciated 1 
ilmenit 
the ass 
from . 
per cei 
preted 
ilmenit 
Aci 
slides | 
the or 
saw Ir 
tempe 
less ci 
proce: 
early 
scribe 
Ph 
and i 
ceded 
ande: 
at I5 
less < 
gite. 
semb 
stud 
fron 
Si 
only 
Elec 


Neva 
lahar 
Adir 
Phas 





lin- 
ite. 
of 


» p. 
ns. 








ILMENITE DEPOSITS OF ST. URBAIN, QUEBEC. 567 
Zoning of the plagioclase is entirely absent from the normal anor- 
thosite. Many small allotriomorphic grains of oligoclase, asso- 
ciated with apatite, phlogopite, sapphirine, chlorite, carbonate and 
ilmenite, lie between larger grains of andesine. Fig. 2 illustrates 
the associations of the minerals. The apatite is in anhedrons 
from .02 to .IO mm. in maximum diameter, and forms about 3 
per cent. of the whole composition. The paragenesis is inter- 
preted to be oligoclase-phlogopite-apatite-sapphirine, followed by 
ilmenite, chlorite and carbonate. 

Acidification of the plagioclase was observed in only a few 
slides and was not a prominent feature of the early alteration. In 
the ore from near Lake Kydland in Southern Norway, the writer 
saw much more evidence of such alteration, whereas the later low- 
temperature alteration characteristic of St. Urbain area is much 
less conspicuous in the ilmenite ores from that property. A like 
process of plagioclase acidification was a common feature of the 
early alteration at Engels, California,”® and the writer ** has de- 
scribed it from other areas. 

Phlogopite laths project long distances into andesine grains, 
and in many instances noted, oligoclasization accompanied or pre- 
ceded the formation of the mica. Fig. 3-a shows replacement of 
andesine by phlogopite, from a section taken from a small horse 
at 153 feet in another hole. The sapphirine grains are more or 
less altered in places to a serpentine aggregate resembling bowlin- 
gite. Such bowlingite aggregates with no residual sapphirine re- 
semble olivine pseudomorphs, but as no olivine was found by any 
student of the anorthosite, all these aggregates probably formed 
from sapphirine. 

Sapphirine is not common to all the slides, and abundant in 
only a few, particularly from some specimens from the General 
Electric mine, and from a specimen from the face of ore at the 


26 Knopf, Adolph and Anderson, C. A.: Op. cit., p. 32 


32. 
27 Gillson, J. L.: The Petrography of the Pioche District, Lincoln County, 
Nevada. U. S. Geol. Surv. Prof. Paper 158, pp. 80-82, 1929; Gillson, J. L., Cal- 
lahan, W. B., and Millar, W. H.: Adirondack Studies: The Age of Certain of the 
Adirondack Gabbros, and the Origin of the Reaction Rims and Peculiar Border 
Phases found in them. Jour. Geol., vol. 36, pp. 154-5, 1928. 
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West Coulomb. In this latter specimen, oligoclasization of the 
andesine is very conspicuous, associated with rutile, sapphirine, 
spinel, apatite and ilmenite. The ore mineral occurs inside many 
of the sapphirine grains, with only a thin layer of sapphirine re- 
maining around the edge of the ore. 

The rutile and sapphirine, and to a less marked extent, the 
spinel, are associated. Where one is abundant, all are abundant; 
if one is rare, all are rare. The ore in the General Electric mine 
contains more of them than other ores, carrying in places as much 
as 15 per cent. of rutile, and it was for this reason that that ore 
was selected for operation, as the use to which the ore was put by 
the General Electric Company made rutile desirable. Places 
which showed a maximum of rutile were selected in the General 
Electric ore body. 

Sapphirine is a rare mineral. It was found by the author and 
his associate ** in the emery deposits near Peekskill, N. Y., which 
were interpreted to be of contact-metamorphic origin. All the 
other occurrences described in the literature are from crystalline 
schists. In describing sapphirine rocks in general, LaCroix *° 
was forced to recognize two types: crystalline schists and igneous 
rocks; of the latter, the occurrence at St. Urbain described by 
Warren was the only example. To the author, the occurrence of 
sapphirine at St. Urbain is more like that at Peekskill, N. Y., as 
there the mineral was deposited by solutions which caused exo- 
morphism of the country rock, and endomorphism of the igneous 
rock. 

Spinel has been commonly considered to be a diagnostic mineral 
of pyrogenetic associations, but that it is equally characteristic 
of hydrothermal deposits is proven by its occurrence in contact 
zones, as recently emphasized by Sampson.*® Spinel is found at 


28 Gillson, J. L., and Kania, J. E. A.: Genesis of the Emery Deposits near 
Peekskill, N. Y. Econ. Grot., vol. 25, pp. 506-527, 1930. 

29 LaCroix, Alfred: Sur un schiste cristallin a saphirine de Madagascar et sur 
les roches a saphirine en general. Bull. Soc. Franc. Min., vol. 52, pp. 76-84, 1929. 

30 Sampson, Edward: Varieties of Chromite Deposits. Econ. GEot., vol. 26, pp. 
837-9, 1931. 
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a number of corundum mines which are considered by Larsen * to 
be hydrothermal deposits. 

The author has seen a number of the rutile deposits of the 
world, and knows that in many deposits where it is abundantly 
concentrated, it is certainly a replacement mineral of pneuma- 
tolytic or hydrothermal origin. An especially illustrative locality 
is the rutile deposit in serpentine in Harford County, Maryland. 
Dr. C. S. Ross, of the U. S. Geological Survey, is about to pub- 
lish some conclusions on the genesis of rutile in the Virginia rutile 
deposits. Bayley ** was non-committal as to the genesis of the 
rutile in the North Carolina and Tennessee deposits. 

Apatite is such a common mineral of contact-metamorphic de- 
posits, pegmatites, and ordinary veins, that it has no value as a 
proof of a pyrogenetic origin. The paucity of apatite in the nor- 
mal anorthosite of the St. Urbain district, and its abundance in 
large grains associated only with the ilmenite ore in some places 
is very suggestive that its genesis is the same as that of the other 
minerals with which the ore is associated. 

The phlogopite is considered to be an excellent criterion of the 
replacement nature of the mineralization. Its contacts with origi- 
nal feldspar indicate a later age for the mica (Fig. 3-a). In 
many of the drill cores the mica is found in thick selvages bound- 
ing the ore against the country rock, and in veins and stringers 
close to the ore body. The flakes of mica in such selvages and 
stringers are large, individual plates, being an inch or more across 
in places. Mawdsley * says that biotite makes about 0.6 per cent. 
of the normal anorthosite. Its properties were not given. The 
phlogopite of the ore zone, with its light pleochroism and low 
indices, is unusual as the characteristic mica of basic plutonic 
rocks. 

31 Larsen, E. S.: A Hydrothermal Origin of Corundum and Albitite Bodies. 
Econ. GEOL., vol. 23, p. 405, 1928. 

32 Bayley, W. S.: The Occurrence of Rutile in the Titaniferous Magnetites of 


Western North Carolina and Eastern Tennessee. Econ. GEOL., vol. 18, p. 392, 1923. 
33 Mawdsley, J. B.: Op. cit., p. 21. 
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Fic. 2. A, Ilmenite replacing phlogopite. B, Ilmenite replacing 
phlogopite and showing a later age than the apatite. C, Oligoclase re- 
placing andesine. XX 30. 

Fic. 3. A, Phlogopite replacing andesine. B, Ilmenite replacing 
phlogopite and showing a later age than sapphirine. > 30. 

Fic. 4. A, Ilmenite replacing phlogopite and showing the probable 
later age of chlorite. B, Zeolite and carbonate replacing andesine, with 
zircon and rutile inclusions. All portions of the andesine grain in sketch 
are in identical optical orientation and hence are parts of a single original 
grain. XX 30. 


An = andesine, R = rutile, 

Ap = apatite, Sa = sapphirine, 
C = carbonate, Sp = spinel, 

Ch = chlorite, == Zircon, 

Ol = oligoclase, Zeo = zeolite. 


Ph = phlogopite, 
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Tourmaline was found in only one specimen. This came from 
near the ore boundary, but in the anorthosite. Although rare, 
the presence of any tourmaline at all in these deposits is highly 
important in considering their genesis. 

Turning to a consideration of the mineralization that is gen- 
erally considered to be of lower temperature origin than such 
minerals above discussed, it was found to be more widespread 
than the higher temperature mineralization. _ 

In ore from the General Electric mine, with phlogopite, sap- 
phirine pseudomorphs, and ilmenite and rutile, the old plagioclase 
grains are seen to be crossed and replaced by a variety of zeolite. 
The term “ riddled ” seems to be an appropriate descriptive word 
for the appearance of such plagioclase grains. 

Another specimen of the banded ore and rock from the same 
mine is similar, except that considerable zoisite is also present. 
This specimen shows the relation of ilmenite to phlogopite, illus- 
trated by Fig. 3-b. 

On the northwest face of the General Electric mine is a nearly 
vertical vein, consisting essentially of rutile, chlorite, and phil- 
lipsite. The zeolite has the following optical properties: 


alpha = 1.495 optically negative 2V == 90°+ 
beta = 1.510 V greater than rho, 
gamma = 1.515 fairly strong. 


Extinction CA Z = 40° 
The mineral tests for K, Ca, and Mg, gelatinizes readily 
with HCl, and fuses at 3 without intumescence. It has a 
pink color. 

Much of the anorthosite near the ore, and composing the horses 
found in the ore, has a pink or a green color. The green color 
is obviously due to the presence of tiny veinlets of chlorite which 
ramify through the feldspar. A specimen typical of this was 
found, for example, just above an ore stringer which is a few 
feet away from the main mass of the ore on lot 619. The big 
feldspars of this specimen are mostly replaced by quartz, chlorite, 
and zeolite aggregates. The chlorite is finely divided, and occurs 
commonly in spherulites, which makes its optical properties dif- 
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ficult to determine. It has a very weak birefringence, and an 
index of about 1.60. Another chlorite with stronger birefring- 
ence and a stronger pleochroism also occurs. The zeolite has a 
Beta index of about 1.51, and an extinction angle of 30°. The 
optic angle is small, the sign negative, and the birefringence about 
015. It is presumably about the same variety of phillipsite 
found in the vein in the General Electric mine. With the quartz 
and zeolite are considerable sericite and carbonate, and a small 
amount of zoisite. 

Samples of the pinkish feldspar in the field were thought to 
indicate the presence of potash feldspar. Microscopic examina- 
tion shows, however, that the feldspar is the normal andesine, 
crossed by exceedingly numerous ramifying veinlets of zeolite, 
which account for the pink color. Considerable. carbonate is 
present in most of the slides from such specimens. 

Fig. 4 is made from a section of mixed ore and rock. The 
feldspar is greenish, as it is more or less completely replaced by 
an optically negative chlorite. Tiny grains of titanite and rutile 
are especially abundant in the phlogopite, and there are some 
graphic intergrowths of ilmenite and chlorite, which may have 
originally been ilmenite and phlogopite. The ilmenite shows a 
definite association with the phlogopite, zeolites, chlorite and car- 
bonate, since one or another of these minerals is found between 
all the grains of ilmenite and the old andesine. 

The polished sections do not yield much information as to the 
genesis of the ore. Magnetite was found in some of the sections 
from the General Electric mine, but it is absent from the other 
ore bodies, so far as any sections that were examined indicate, and 
in the electro-magnetic ore-dressing tests, it is found to be ex- 
ceedingly rare. 


CONCLUSIONS AS TO GENESIS OF THE ILMENITE ORES. 


The author concludes that the ores were formed by replace- 
ment in the already solid anorthosite, and were deposited from 
solutions, either gaseous or liquid, which soaked through the rock. 
The ores are not pyrogenetic or orthotectic but were related to the 
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anorthosite, in the sense that the solutions came from a reservoir 
in depth with which the magma that formed the anorthosite had 
previously been connected. The formation of the ore then be- 
longs to the same general magmatic period as does the anortho- 
site, and the latter was still hot when the ore was formed. The 
following points can be tabulated as proving this conception : 

1. The ores are related to definite structural lines that developed 
after the solidification or approximately entire solidification of 
the anorthosite. 

2. The ores are identical with, or closely resemble, other ores 
found only with other anorthosite bodies. 

3. The ores occur as many replacement ores do, being richer 
and found in larger bodies along intersections of major struc- 
tural features. 

4. The ores occur in many places in narrow veinlets or stringers 
that are many feet long in places, and in microscopic section can 
be seen to have followed along cracks and cleavage lines in other 
minerals, and large masses of old rock exist with disseminated 
ore in them. Such features could not have formed from a 
magma, unless it had been an exceedingly tenuous one. 

5. The ores have all the characteristics of replacement deposits. 
A definite paragenesis of minerals can be observed, which shows 
a sequence from a higher temperature period to a lower tem- 
perature period, and indicates a long period of deposition. 

6. The ores are related with various pneumatolytic and hy- 
drothermal minerals which are not, as previously supposed, sub- 
ordinate, but are rather decidedly abundant considering the fact 
that basic rocks are characterized by much less action of solutions 
than are acidic rocks in general. The subordinate character of 
such minerals had probably been inferred as at Engels, Cali- 

fornia, by the fact that the formation of mica, later feldspar and 
zeolite resembling feldspar, are “bound to look fresh and un- 
altered.” ** 

The earlier descriptions of the St. Urbain ores showed that the 


84 Knopf, A., and Anderson, C. A.: Op. cit., p. 33. See also, Fenner, C. N.: 
The Engels Copper Deposits, California. Econ. GEoL., vol. 25, pp. 420-25, 1930. 
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ores are later than the anorthosite. There is therefore, no neces- 
sity of amplifying the proof of that point. The relation of the 
ore to structural lines, however, favors the deposition by solutions, 
rather than an interpretation of a random intrusion of an ilmenite 
magma. ‘The principal factor in proving the ores to be the result 
of a deposition from solution is the recognition of the introduc- 
tion of the ore by replacement of already solid rock, a view very 
different from that expressed by Osborne and Mawdsley in which 
the ore and its associated gangue minerals are the results of mag- 
matic crystallization following the intrusion in an anorthosite 
country rock. The burden of proof, therefore, seems to be the 
establishment of the fact of replacement. 

The difference in the two views seems to involve much of the 
same discussion that was aroused by Spurr’s conceptions of “ ore 
magmas.” Lindgren * said: 


According to Spurr, the product of solidification of the “ ore magma ” 
is a “ vein-dike.” All ore deposits connected with magmatic emanations 
(except cinnabar and stibnite deposits) are evidently vein dikes. A care- 
ful study of Spurr’s writings can lead to no other conclusion. The ore 
magma is differentiated from the parent magma, injected, consolidated. 
Nothing could be more simple. 


This is what has been said about the ore at St. Urbain. It 
was formed from a magma that was differentiated from the 
parent magma. It was intruded, and it consolidated. The 
presence of horses is advanced by Osborne * as proving that the 
ore was crystallized from a magma, just as Spurr stated that the 
presence of unsupported inclusions is a proof that the vein was 
congealed from the magma.*’ Lindgren’s principal argument in 
replying to Spurr was the evidence of replacement in ore deposits. 

Osborne and Mawdsley get away from the evidence of the 
associated minerals by attaching no importance to the few that 
they saw. The writer saw pneumatolytic and hydrothermal 
alteration in every specimen examined, a number of which have 
been described. 

85 Lindgren, W.: Magmas, Dikes and Veins. Op. cit., p. 14. 

36 Osborne, F. F.: Op. cit., p. 744. 

87 Lindgren, W.: Magmas, Dikes, and Veins, op. cit., p. 16. 
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To prove replacement, a number of drawings and descriptions 
have been submitted to illustrate the evidence on which the con- 
ception of a replacement origin for the ore and gangue minerals 
was based. Comparing the relationships shown by these draw- 
ings and descriptions with criteria for replacement, reference is 
made to the recent article by Bastin ** and his associates, and to 
illustrations in the article by Tolman and Rogers showing rela- 
tionships from the Golden Curry Mine, Elkhorn, Nevada, the 
Nababeep Mine and the Tweefontein Mine, Ookiep, South Africa; 
to illustrations by Wandke and Hoffman, showing relationships 
at Sudbury; to illustrations by Kerr, showing relationships at 
Chicagof Island, Alaska; to illustrations on page 904 of Lind- 
gren’s Mineral Deposits illustrating relationships at the Insizwa 
Mine, Cape Colony, and pyrrhotite in quartz norite; to illustra- 
tions by Graton and McLaughlin, illustrating relationships at 
Engels Mine, California.*® The writer believes that the relation- 
ships illustrated here are analogous to those in which replacement 
was inferred. 

For example, the presence of polybasite along the contacts of 
differently oriented galena grains from a lead-silver ore from 
Neihart, Montana, shown by Bastin on page 590 of the article 
cited, is analogous to the association of oligoclase along the edges 
of andesine grains pictured here in Fig. 2-c, and “islands” in 
parallel orientation with other islands, described by Bastin on 
page 599, applies to occurrences in Fig. 4-b, and, for example, to 
Fig. 13 of an earlier article by the writer on the petrography of 
the Pioche district, Nevada.*° 

38 Bastin, E. S., Graton, L. C., Lindgren, W., Newhouse, W. H., Schwartz, G. M., 


and Short, M. N.: Criteria for Age Relations of Minerals: Econ. GEot., vol. 26 


pp. 561-610, 1931. 

89 Tolman, C. F., Jr., and Rogers, A. F.: Op. cit., plates XI, XIII and XIV. 
Kerr, Paul F.: Op. cit., Fig. 44, especially A, p. 374. Wandke, Alfred and Hoffman, 
Robert: A Study of the Sudbury Ore Deposits: Econ. Grot., vol. 19, Plate VI, B 
and F, opp. page 185, 1924. Lindgren, Waldemar: Mineral Deposits, op. cit., p. 904. 
Graton, L. C., and McLaughlin, D. H.: Ore Deposition and Enrichment at Engels, 
Calif. Econ. Gro., vol. 12, 1917. Plate I, Fig. 5; Plate II, Fig. 8. 

40 Gillson, J. L.: Petrography of the Pioche District, Lincoln County, Nevada. 
U. S. Geol. Surv., Prof. Paper 158, p. 81, 1929. 
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The age relations of minerals like rutile, apatite, sapphirine, 
and spinel are not readily indicated because of the hypidiomorphic 


form of the grains of these minerals. In this connection, Bastin 
said : ** 


Finally, it must be remembered that many guest minerals develop idio- 
morphic forms during replacement and thus present smooth and straight 
crystal outlines against the host. 


The relative age of these minerals must be established by other 
factors than their shape. They are abundant only in the ore, and 
are rare or absent altogether from the normal anorthosite. They 
are commonly concentrated along certain structural lines, and in 
association only with other minerals the replacement origin of 
which is established. 

The writer believes that the large masses of disseminated ore 
are an especially firm proof of a deposition of the ore by solutions, 
once the conception of the contained ilmenite having formed by 
replacement is established. 

This disseminated ore is original anorthosite, more or less re- 
placed by phlogopite and ilmenite and their associates, and with 
the old feldspar riddled by chlorite and zeolites. The massive ore 
differs from the disseminated ore only in the degree of replace- 
ment. The horses are simply unreplaced remnants. 

The paragenesis, so far as it could be established, was: oligo- 
clase, phlogopite; rutile, apatite, sapphirine, spinel, ilmenite, and 
probably quartz; sulphides, serpentine, chlorite, carbonate and 
zeolites. The paragenetic sequence is considered to have been 
continuous and overlapping. Whether the emanations were 
gaseous or liquid is not known; probably they started out in a 
gaseous form, and were completed as a liquid. Too little is 
known about the criteria for recognizing the character of such 
emanations to define their nature in this case, although it would 
seem appropriate to follow Knopf and Anderson ** and use the 
suggestion of Cissarz that the first appearance of chlorite marks 
the transition from pneumatolytic to hydrothermal conditions. 


41 Bastin, E. S., et al.: Op. cit., p. 602. 
42 Knopf, A., and Anderson, C. A.: Op. cit., p. 33. 
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In conclusion, the writer wishes to express his thanks and ap- 
preciation to various persons who were of assistance to him in the 
work. Appreciation for the opportunity of working on the prob- 
lem is expressed to E. I. Du Pont de Nemours and Company, 
who financed the project. Among the individuals who were of 
assistance, the writer’s first thought is of L’Abbé F. X. Cimon, 
of Baie St. Paul, who continually smoothed the way during the 
progress of the field work, and whose recent untimely death is a 
great loss to his community. To Edmund Cimon, and other 
members of the Cimon family, and to various other residents of 
the district, and to the writer’s associates, a word of appreciation 
is expressed, since without them the work could not have been 
carried on. 


WitminctTon, DELAWARE. 











THE OCCURRENCE AND DISTRIBUTION OF THE 
PRECIOUS METALS IN THE MONTANA AND 
IDAHO MINES, RUBY, ARIZONA. 


HARRY V. WARREN AND RODGER W. LOOFBOUROW. 


THIS paper is one of a series which will deal with the occur- 
rence and distribution of the precious metals in the ores of several 
of the more important base-metal mines of western North 
America. 

The Montana and Idaho Mines are situated near the village 
of Ruby in the Oro Blanco mining district of Santa Cruz County 
in southern Arizona. Ruby is about 30 miles northwest of 
Nogales, 70 miles southwest of Tucson, and 5% miles north of 
the Mexican border. 

ORE DEPOSITS. 


The ore in both the Montana and the Idaho Mines occurs in 
fissure veins of mesothermal origin. 

The fissures have a steep dip, and in the Montana mine the ore 
follows a conglomerate-diorite contact, the diorite in most places 
forming the footwall. The ore-bearing fissures cut Cretaceous 
rocks and extend upwards into Tertiary formations. The ore 
bodies are therefore probably of late Tertiary age. 

Minerals—Except in a relatively small portion of the upper 
levels, the ore is composed of sulphides with a gangue of quartz 
and calcite, quartz being the more abundant. Galena and blende 
are the most abundant sulphides, but pyrite, chalcopyrite, and 
tetrahedrite are also of common occurrence. In the upper levels 
minerals such as “limonite”’ and covellite occur as alteration 
products, but are of little importance. 

Mineral Relationship—Mr. R. E. Head, Microscopist of the 
United States Bureau of Mines Station, Salt Lake City, Utah, 
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several years ago made a detailed microscopic examination of the 
crushed ore as fed to the concentrator. His report * is as follows: 

The Montana ore contains a very small quantity of copper, which 
occurs chiefly in the form of chalcopyrite and is associated almost en- 
tirely with the sphalerite. Occasionally, inclusions of chalcopyrite will 
be found in the galena, but this form of association is relatively rare in 
the samples studied. 

The chalcopyrite occurs in the form of minute specks in the sphalerite 
and associated with it, in many instances, is tetrahedrite. The tetra- 
hedrite occurs in yet smaller specks than the chalcopyrite and in no in- 
stance were specks of the mineral seen that were larger than 300-mesh. 

Tetrahedrite is the silver carrier in this ore and it is scarcely possible 
to expect liberation except by extremely fine grinding. Whether or not 
such a procedure is feasible is largely a question of economics and also 
depends on the relative flotability of the sphalerite and tetrahedrite in a 
slimed condition. 

The ore at times contains considerable amounts of gouge-like colloidal 
material. This material has a marked tendency to float, and to carry zinc 
slimes with it into the flotation concentrates of the lead circuit. 

Although in general agreement with this statement, we find 
that several important points are not clearly brought out, doubt- 
less due to the fact that Mr. Head was interested in the ore only 
in so far as it represented a flotation problem. 

Galena and blende are by far the most important of the sul- 
phides and the paragenesis of most of the other minerals can be 
related to them. The galena is the younger of the two. 

Pyrite occurs chiefly in the form of small cubes in kaolinitic 
material. It occurs less commonly in a shattered condition, with 
the fractures healed by tetrahedrite and more rarely by galena. 
In the latter case, the pyrite probably is hypogene and the oldest 
mineral present, but that in the kaolinitic material is probably 
secondary and one of the youngest minerals. 

Chalcopyrite is prominent and, although it does occur in minute 
specks in the blende, it is most conspicuous along the borders of 
either the galena and tetrahedrite or the blende and tetrahedrite. 
It also occurs as specks in the tetrahedrite. 

1 Reprinted from U. S. Bureau of Mines Information Circular 6497, Milling 


Methods and Costs at the Montana Mine Concentrator of the Eagle-Picher Lead 
Co., Ruby, Ariz., by D. E. Andrus. 
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The tetrahedrite is younger than the blende, and at least a part 
is older than the galena in which it occurs as specks. These spots 
are largely responsible for the silver content of the galena. The 
tetrahedrite is veined by calcite, which appears to be one of the 
latest minerals to have been introduced. 

Thus, the important feature to be noted with regard to the 
precious-metal content of the ore is that the tetrahedrite, which 
will be shown to be the gold and silver carrier, is, in part at least, 
older than the galena and younger than the blende, and that chalco- 
pyrite is more closely related to the blende and tetrahedrite than 
the tetrahedrite and galena. 

The order of deposition in terms of metals was roughly as 
follows: iron, zinc, copper, silver, gold (?) and lead, with a small 
quantity of silver; calcite being a late gangue mineral and quartz 
existing in more than one generation, one being pre-sulphide. 


The Distribution of the Silver and Gold. 


The obvious method of determining the distribution of the gold 
and silver by separating the ore into its component minerals was 
unfortunately impossible; satisfactory results were obtained with 
only a few samples. 

Preliminary results indicated that the tetrahedrite was the most 
important carrier of silver and likewise of gold. 

Tetrahedrite——Two careful assays were made of two samples 
of the tetrahedrite meticulously picked by hand from the ore, using 
either hand lens or binoculars to examine each fragment for any 
impurities. One of these samples was from the Idaho Mine and 
one from the Montana. The results are: 


Element. Idaho Mine. Montana Mine. 
SRBMING. 5554 0s ass aw ahauseean bine ae ses Re 3-50 Not determined 
PSION gina s spins Sagas Gi aeeaisa mere ee ies 24.90 24.63 
SET cacanentssen cen sb anes mw eawichae 1.21 4.00 
RAM < otha Sale Sb oS bare eka esos ae Oe as o 2.48 
[OES Gani cccu shun sh cane ae eri masenale 32.40 30.87 
FANE AMS eo Wi Sok win ee MARS CA a OeN TA STRS 8.52 7.60 
RE CE et AY re — 1.45 
PUMPED. avon deh se sa ween eee aesiens 4.50 2.52 
PIRACY. bi cickouacah ea se eais Seni ireee es 22.08 25.83 








97.11 99.38 
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An examination of several polished sections from the Montana 
Mine showed that in all probability nearly all the iron reported in 
the assay is due to the presence of chalcopyrite and the lead to the 
presence of galena. 

Although these analyses do not total 100 per cent., they are 
satisfactory under the circumstances, particularly when it is real- 
ized that the sample from the Idaho Mine was very small and most 
determinations, although made in duplicate, were run on 100 
milligram samples. In the Montana sample, elimination of the 
elements required for galena and chalcopyrite impurities yields 
corrected analyses of tetrahedrite mineral, as follows: 








Element. Idaho Mine. Montana Mine. 
PURANINLEE 155g wise 5 Wrare'ae AiGiwie see ee re Ferre 24.90 22.53 
POUR co laters 6 sloss,e <b a wioiaa ears eanhiaeiscwie ea HEE 1.21 4.00 
ROMIINER satire roa ac ois o's ale a sles ia ate bd See oS ew aaa 32.40 29.37 
AIS ig wicteh iote in iele SisiSwiaicio wins woes cee dea naweses 8.52 7.60 
PR OMNIN SS ors a caiate cars Diese erate wyaie ele slandiela wiaaws sees 4.50 2.52 
POI. oie otis oo 6a obs 5 aisie wid esinwea dense sae BORe 25.83 
93-61 91.85 


Recalculating to approximately 100 per cent. and then dividing 
by atomic weights, gives: 








Idaho Mine. Montana Mine. 

S 26.90 + 32.0 = .84 24.57 + 32.0=—.78 (.81) 
Ag 1.29 + 108 =.o1 4-35 + 108 =.04) ,_ 
Cu 34.60+64 = 7m 31.55 +64 =.50 (54) 
Zn ~=9.09 + 65.4 = .139 8.28 + 65.4 = .127 (.13%4) 
As 481+75 = a 274-75 = pe _— 
Sb 23.60 + 120 =.20 28.20 + 120 = .23 

100.29 100.09 


Thus it will be seen that this mineral approximates the formula, 
(CuzAgs)2 Zn (AsSb)- S¢, the theoretical atomic proportions for 
this formula being represented by the figures in brackets. Several 
other analyses confirm these results. 

It can readily be seen that these analyses differ from all those 
commonly ascribed to tetrahedrite in that they are not only low 
in copper but also relatively high in zinc and silver. It will also 
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be noted that the percentage of silver to copper varies from 1:5 
to 1:10 and that the ratio of silver to antimony is approximately 
1:6. 

The question now arises, do the galena and blende carry any 
silver independently of included tetrahedrite ? 

Galena.—A sample of as pure galena as it was possible to ob- 
tain from the Montana Mine was analyzed with the following 
results : 


Silver 


Scie eerie sb oe oe eine isis apis PISS ISIE S Claes ele eres hs .48% 
OTE SNS geo Pare Pa ey a Spee TTT SC RE RICE Ree 86.20% 
SMIRK oie hg ee eee ees nee oie ep ioin tae Sia eie oie tele. 016.08 15% 
SOE hiee ee ne tae gine eek ns alse kin Wie AO A we .04% 
PSREIC coh s ee eis ieee ote oie er aie haia'e seh wises trace 
PROMI os nice count mo esc heise ie ere eee la sis ebue esie se eats .09 % 


Galena commonly contains specks of tetrahedrite, therefore it is 
reasonable to expect a small quantity of the silver to occur in that 
form. The small iron content is almost certainly present as chal- 
copyrite, so we may remove an amount of copper equal to the 
amount of iron. This leaves .11 per cent. copper which is prob- 
ably present as tetrahedrite. That this assumption is reasonable 
is borne out by the fact that the antimony and arsenic reported as 
.09 per cent. and a trace, respectively, are in proportions with the 
copper that may be ascribed to the tetrahedrite. This .11 per cent. 
of copper in tetrahedrite would carry also .o15 per cent. silver, 
leaving .033 per cent. silver, which presumably represents the 
amount of silver present in some form of chemical combination 
with the galena. This is considerably less than the proportion of 
silver reported to be contained in the galena of most rich silver- 
lead-zinc ores, such as those of the Park City District of Utah. 

Blende.—In dealing with the zine blende the problem is slightly 
more complicated because some of the iron recorded in the analyses 
belongs to the blende. Fortunately there is little doubt but that 
the antimony content is due to tetrahedrite, consequently it is pos- 
sible to estimate how much of the silver found with the zinc is 
due to tetrahedrite. The silver content of the zinc blende is ap- 
proximately .o15 per cent. and this would require about .og per 
cent. of antimony if the silver is to be accounted for by tetra- 
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JN 


hedrite. The amount actually recorded is .10 per cent which is 
ample to account for all the silver found in the blende. Thus it is 
clear that the pure blende carries no silver chemically combined, 
all the silver found with the blende being present in inclusions of 
tetrahedrite. 

It is worthy of note that the pure blende carried .41 and .52 per 
cent. of cadmium in the two samples which were analyzed. 

Chalcopyrite and Pyrite-—At the Idaho and Montana mines, 
chalcopyrite and pyrite could not be isolated satisfactorily. 
Pyrite, however, is relatively unimportant and furthermore it 
seldom, if ever, is a silver carrier. 

Some ore, rich in chalcopyrite, was isolated and assays showed 
.54 per cent. of silver, but a microscopic examination revealed the 
presence of considerable tetrahedrite and although no accurate 
estimate was made of the proportion of tetrahedrite present, there 
appears to be little doubt but that the chalcopyrite is responsible 
for little or no silver. 

At this place it might be well to state that at North Cananea, 
where the ores and the precious metal distribution are almost 
identical with those at Ruby, chalcopyrite was separated and found 
io contain negligible amounts of silver and very little gold. 

Thus, there is little doubt that pyrite and chalcopyrite, like the 
blende carry no silver or at least negligible amounts. 

Distribution of Gold.—Gold has not been seen microscopically, 
consequently its mode of occurrence must remain conjectural. 
However, due to numerous assays, the distribution of the gold is 
known. 

The gold present shows no direct relationship to the amount 
of zinc, lead, or iron present, but it does show a marked relation- 
ship to the silver and copper. Although no constant ratio of 
gold either to silver or copper could be found, it is significant that 
high silver and high gold content are always associated. F'urther- 
more, no appreciable amount of gold was found unless the assay 
showed 10 per cent. or more of copper. Consequently, the con- 
clusion is inevitable that the bulk of the gold is closely associated 
with the copper. Furthermore, it is fairly safe to say that the 
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gold is associated primarily with the last or tetrahedrite phase of 
the copper mineralization, the tetrahedrite being younger than the 
chalcopyrite. 

ANALYTICAL METHODS. 


The analytical methods used in this work were, in all cases, 
those employed by custom analysts in the ordinary commercial 
work, the only departure being that the standard solutions used 
were approximately one-half the strength of those ordinarily used. 
A summary of the methods follows: Gold-silver, fire assay; cop- 
per, long iodide method; lead, molybdate method; zinc, ferro- 
cyanide method; sulphur, barium sulphate method; iron, bichro- 
mate method; arsenic, zinc oxide-sodium carbonate-potassium 
nitrate fusion (Low) method; antimony, modified bi-sulphate 
fusion method. 

CONCLUSIONS. 


The silver and gold in the ores of the Montana and Idaho mines 
are closely related to the copper. The copper was deposited 
chiefly in the form of chalcopyrite and tetrahedrite, the former 
being the older and the latter being associated with the gold and 
silver. 

There is a regular sequence of metal deposition beginning with 
iron and ending with lead. Consequently, since copper belongs in 
this sequence, and since the gold and silver content of the ore is 
associated with the tetrahedrite, it may be safely concluded that 
the precious metal content of the ore will continue throughout the 
lode and does not represent supergene enrichment. Furthermore, 
owing to the chemical composition of the tetrahedrite, it is in- 
evitable that the higher the silver content of the lead concentrates, 
the higher will be the percentage of zinc, arsenic and antimony. 

Pyrite and blende carry none and chalcopyrite little, if any, of 
the gold and silver in the ore. 

The tetrahedrite contains as much as 4 per cent. of silver and 
one-half ounce of gold per ton of mineral, and in the form of 
minute specks is responsible for at least a part of the silver found 
in the supposedly pure galena, which in fact carries only about .033 
per cent. silver. 
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A detailed description of this variety of tetrahedrite will be 
presented in another paper. 
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A CURIOUS OCCURRENCE OF TUNGSTEN RINGS 
IN PLATINUM CONCENTRATE.’ 


P. J. SHENON. 


During the course of field work near Waldo, in southwestern 
Oregon, the writer of this article collected a sample of platinum 
concentrate which contained tiny rods and ring-like objects al- 
most identical in appearance with those from Bridgeport, Oregon, 
previously described with some uncertainty by Mr. Ernest W. 
Ellis * as platinum rings occurring in black sand with platinum 
and iridium. The “rods” and “ rings”? from Waldo were sub- 
mitted to the chemical laboratory of the United States Geological 
Survey for identification, and because their attack of the problem 
illustrates so well the application of modern scientific methods to 
the solution of geologic problems, a short report on the occurrence 
of the “ rings ” seems warranted. 

According to Mr. Ellis, 

None of these rings (from Bridgeport, Ore.) were closed, and the two 
ends were turned slightly away from the plane of the ring itself. The 
metal is in circular cross section, and the suggestion is that of pieces of 
very small springs. The actual diameter of the rings is approximately 
0.5 mm. The metal composing them is insoluble in aqua regia. Some 
circular rods of smaller cross section than the rings, and differing from 
them by showing bright blue iridescence, were also found. 

In addition, Mr. Ellis states that the “ rings ” were sent to plati- 
num specialists for determination, and though the tendency of the 
specialists was to regard them as artificial, the evidence was not 

1 Published by permission of the Director, U. S. Geological Survey. 


2 Ellis, Ernest W.: A Curious Occurrence of Platinum. Eng. and Min. Jour., 
vol. 119, No. 2, pp. 62-63, 1925. 
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positive; therefore, although he felt at that time that the rings 
were of natural occurrence and probably of platinum-iridium 
content, the question was left open for discussion. 

Dr. James Lewis Howe, of Washington and Lee University, 
to whom the Bridgeport samples were sent originally, in discussing 
the possible origin of the “ rings,” said that 

In the manufacture of fine platinum chains the platinum is alloyed with 
iridium. Furthermore, these chains are made by winding the alloy around 
a rod the size of the links described and then cutting the spirals length- 
wise of the rod, thus forming a number of ‘spring-like washers.’ The 
individual links are then joined together and soldered. 


Mr. Oliver C. Ralston * produced “ similar appearing rings in 
the laboratory without effort which had the same physical and 
chemical characteristics as the products containing the platinum 
in Mr. Ellis’s sample” by mashing the coiled filament of a 200- 
watt tungsten lamp, and explained the presence of the silver-white 
rings in the black sand of Mr. Ellis’s sample as due to probable 
breakage of at least one tungsten lamp of the above description 
over the sluices of the placer mine or dredge in which the metal 
was recovered. 

The platinum concentrate, collected by the writer of this ar- 
ticle, was from the Llano de Oro mine, near Waldo, Oregon. 
This mine is the most productive gold-platinum placer in south- 
western Oregon. Because of the shortage of water, however, 
it is possible to operate it only about seven months of the year, 
but during these seven months mining operations are ordinarily 
conducted both day and night. Flood lights and numerous 
tungsten lamps, strung about the scene of operations, are used 
for night illumination. The gold and platinum-bearing gravels 
are washed by hydraulic giants and the concentrates are col- 
lected in sluice boxes and undercurrents. Gold, platinum, mag- 
netite, chromite, and other heavy minerals occur in the concen- 
trates, and occasionally small “rings” and “rods” are found 
resembling those described by Mr. Ellis (Fig. 1). An analysis 

3 Ralston, Oliver C.: A Curious Occurrence of (or with) Platinum. Eng. and 
Min. Jour., vol. 119, No. 9, p. 372, 1925. 
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of picked grains of platinum from the concentrates was made by 
Mr. E. T. Erickson of the United States Geological Survey and 
they were found to consist largely of platinum and ruthenium 
with smaller proportions of iridium and osmium. A small quan- 
tity of gold and slight quantities of palladium and rhodium were 
also detected. 

The “ rings ” from the Llano de Oro mine were examined in the 
laboratories of the United States Geological Survey and were 
found to have chemical properties corresponding with those de- 





Fic. 1. Rings in platinum concentrate from Llano de Oro mine on 
left side of black line, rings from tungsten lamp filament on right side. 


Ks. 


scribed by Mr. Ellis. A spectroscopic analysis, made by Mr. 
George Steiger, showed the material to be tungsten, and spectro- 
graphs of a tungsten lamp filament and of the “rings” from 
the platinum concentrate of the Llano de Oro mine gave identica! 
spectrum lines, whereas both spectra differ greatly from that of 
platinum (Fig. 2). In addition, the yellow oxide characteristic 
of tungsten was obtained by Dr. R. C. Wells when the “ rings ” 
were heated in oxygen, so that there is no doubt about the com- 
position of the “ rings ” from the Llano de Oro mine and but little 
doubt as to their source. 

The conclusions presented here, based both upon field and 
laboratory evidence, decisively support the explanation offered 
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by Mr. Ralston. At the Llano de Oro mine, and probably in 
the occurrence described by Mr. Ellis, the “ rings” and “ rods ” 
are due to the breaking of one or more tungsten lamps in the 
vicinity of the sluice boxes or dredge, and because the specific 


‘ 





Fic. 2. Spectrographs. a, tungsten lamp filament; b, “rings” from 
Llano de Oro platinum concentrate; c, platinum. 


gravity of the tungsten is similar to that of gold and platinum, 
it remains with them during the processes of concentration. The 
“rings” found in the Llano de Oro platinum concentrate have 
diameters slightly exceeding 1.0 millimeter, which would cor- 
respond in cross-section with the coiled filament of an ordinary 
500-watt Mazda lamp. 
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The writer wishes to acknow ledge the help given him by Mr. 
George Steiger who, in addition to the spectroscopic an 


alyses, con- 
tributed suggestions used in the 


preparation of this paper. 
Thanks are also due to Dr. R. C. Wells and Mr. E. T. Erickson 
for chemical analyses. 
U. S. GroLocicaL SURVEY, 
Wasuincron, D. C. 





Earth« 
Pp. 
1932 
This 


insural 


destruc 
them. 
withstz 
metho 
His 
better 
that i1 
Mount 
studies 
destrui 
violen 
very Ss! 
when 
greate: 
relatio 
ings, € 
increa: 
discus: 
thorou 
The 
the lay 
earthq 
have <% 
of mot 
is nec 
there 
and tl 
expen: 
made » 
the da 
etc. du 
of the 





Tr. 
on- 
er, 
son 





REVIEWS 





Earthquake Damage and Earthquake Insurance. By J. R. FREEMAN. 
Pp. xiii + 904, illustrated. McGraw-Hill Book Company, New York, 
1932. Price, $7.00. 


This voluminous treatise was written mainly for structural engineers, 
insurance executives and others interested in knowing something of the 
destructive effects of earthquakes and the methods of guarding against 
them. Its author has studied the causes of the failure of structures to 
withstand earthquake shocks, and has become interested in developing 
methods in design to resist them. 

His purpose in writing the book was to encourage the collection of 
better engineering data for design against earthquake stress, and to show 
that insurance against destruction of earthquakes east of the Rocky 
Mountains might be furnished at very small cost. As a result of his 
studies he concludes that the actual hazard is really extremely small ; that 
destructive earthquakes are infrequent; that the territory over which 
violence has been sufficient to destroy structures in any one earthquake is 
very small; that hundreds of ordinary buildings successfully resist injury 
when in close proximity to injured buildings; that even in the areas of 
greatest intensity, the average proportion of damage to a property in 
relation to its sound value is small; and that earthquake-resisting build- 
ings, even up to 100 feet in height, can be built at a remarkably small 
increase in cost over unsafe buildings. He believes, however, that no 
discussion of earthquake-resisting design can be satisfactory until a 
thorough study of models on a shaking table has been undertaken. 

The book is a compendium of facts, some of which are surprising to 
the layman. For instance, it is clear to the author that measurements of 
earthquake force and motion are few and unreliable. Only in Japan 
have any accurate measurements of amplitude, period and acceleration 
of motion within a disturbed district been made, and a knowledge of these 
is necessary before a perfectly safe building can be constructed, although 
there is abundant proof that earthquake violence is rarely irresistible 
and that earthquake-resisting construction is feasible and not unduly 
expensive. Even at the present time, when no serious attempt has been 
made to construct resisting buildings, the average earthquake loss within 
the damaged areas in and around San Francisco, Tokyo, Santa Barbara, 
etc. during the great earthquakes of recent years was not over 5 per cent. 
of the structural value of the buildings within these areas. It is regarded 
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as practically certain that structures can be made earthquake-proof at an 
increase in cost of only 10 or 15 per cent. 

The author continues in this strain, discussing in some detail the prog- 
ress made in earthquake study to date; the effects produced by shocks, 
and the methods proposed for the measurement of earthquake violence. 
He describes at considerable length the earthquake belts of the world with 
special reference to North America, studies the frequency and violence of 
quakes in the various divisions of the United States, and gives summary 
descriptions of the better known ones and the damage they produced. 
The greater part of the book deals with the lessons learned with respect 
to the resistance of different types of buildings and with suggestions for 
the building of quake-resisting structures, and his conclusions are illus- 
trated by outlines of the building ordinances applicable to seismic regions 
in Italy and Japan. 

The discussion of earthquake insurance occupies 40 pages. Following 
this are chapters on earthquake-resisting structural design, researches 
with shaking tables, the motions of the ground during quakes, and finally 
suggestions for a program of earthquake research. 

The book is full of information gathered from many sources. It is 
encyclopedic, bountifully illustrated, and clearly written. Though it con- 
tains very little that is new, nevertheless, it is valuable because it includes 
a great amount of information of importance both to structural and to 
geological engineers, and not available in any other single volume known 
to the reviewer. W. S. BaYLey. 


A Key to Mineral Groups, Species, and Varieties. By Epwarp S. 
Simpson. Pp. 84. Chapman & Hall, London, 1932. Price, 10/6. 


This book is an alphabetical list of mineral names, arranged in tabular 
form, giving the mineral name, reference, composition, system, specific 
gravity, and refractive indices. It includes all minerals listed in the lead- 
ing texts and the large number not included by them. It is thus an 
up-to-date list, giving the essential properties, to which one can turn and 
find readily the desired information and the reference. 


National Oil Scouts Association of America (Inc.), Year Book, 1932. 
Pp. 273, maps 12, innumerable statistical tables. Published by the As- 
sociation, at Dallas, Texas, May, 1932. Price, $5.00 


The oil scouts are the intelligence department of the oil producing 
business. Originally highly competitive and still highly competitive in 
obtaining and holding confidential certain classes of data, the scouts of 
rival companies have evolved a high degree of informal and unofficial co- 
operation in the collection and compilation of the non-confidential data. 
Their reports in the past have gone into the company files and may or 
may not have been preserved. Within the past two years, the scouts 
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have come to feel that they should compile and publish some of their less 
confidential data so that it will be permanently preserved and of general 
use to the oil industry. This, their second year book, is a notable con- 
tribution to oil literature. 

This year book is a compendious report on oil operations in the nine 
districts: East Texas (inclusive of South Texas), Southeastern New 
Mexico, West Central Texas, North Central Texas, Texas and Louisiana, 
Gulf Coast, North Louisiana and Arkansas, and Arkansas. The report on 
each district in general comprises: a brief review of the occurrence of 
the oil, exploration, drilling, leasing operations during 1931, statistics in 
regard to the wells drilled, oil production, crude oil stocks, pipe lines, and 
refineries in 1931. The report in regard to the East Texas oilfield is 
particularly detailed and includes 62 pages of statistical tables. The whole 
report is rich in statistical tables, comprising 90 short tables covering 32 
pages, and 30 long tables covering 95 pages. 

This year book will be of interest and of value to many men of widely 
varied interests, oil geologists, oil executives, independent oil operators, 
lesser oilmen, and economists who are interested in the oil situation. 

Donatp C. Barton. 
Houston, TExAs. 


The Competitive Position of Coal in the United States. Pp. vii-+ 
288, charts 12, tables 81. National Industrial Conference Board, 247 
Park Avenue, New York. Price, $3.00. 


This is a comprehensive study of the present-day coal situation. Part 
I. gives the position of the United States in the world industry. Part II. 
treats of consumption by uses and groups of consumers, and shows where 
gains and losses have occurred. Part III. deals with consumption by 
uses, and Part IV. with competitive problems and policies. A construc- 
tive economic policy is set forth in the last chapter. 

The book presents an excellent economic and industrial study of the 
country’s most important mineral product and should be read by every 
one interested in the coal industry. 


Outline of the Geology and Petrography of Surinam (Dutch Guiana). 
By R. Ijzerman. Pp. xv-+ 517, maps 6, figs. 63; pls. 48. Martinus 
Nijhoff, The Hague, Holland, 1931. Price, 24 Gld. and postage. 


In his introduction to this rather large volume, the author states that 
“it must be understood that this outline cannot be but incomplete; in the 
first place because quantitatively our knowledge of Surinam is highly 
inadequate, and secondly, because the same may be said concerning the 
insight into geological relations of the formations. The lack of quan- 
titative knowledge is comprehensible, as vast regions of Surinam have 
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never, and others but superficially been explored, while besides in exten- 
sive areas, exposures are very scarce.” In spite of the truth of this 
statement, a valuable compilation of the knowledge of the geology has 
been made. The data have been obtained partly from the scattered 
reports of government expeditions, partly from the reports of geologists 
and others who have made local studies of districts in which they have 
been particularly interested, partly from the study of rock collections 
made by the author and by explorers who were not especially interested 
in geology, and partly from the author’s own investigations. The result 
is the only monographic treatise on the geology of Surinam that has 
thus far been published. It is valuable because it contains information 
that is widely scattered through literature—much of which is hard to find 
—and in addition it records. the result of the study by the author of 
several thousand thin sections of rocks, most of which were made from 
specimens representing the “ basement complex.” 

The main mineral product of the country is bauxite, but alluvial gold 
was important 20 years ago, and is still obtained in small quantity. 
Lateritic iron deposits occur in many places, and boulders of cinnabar 
are found in the streams from the Nassau Mountains. Alluvial deposits 
of “kaolin” are known and one deposit is being worked. A few years 
ago traces of oil were found near Nickerie, in the northwest corner of 
the Colony, but borings in the neighborhood have not succeeded in 
developing commercial quantities of the commodity. 

Most of the country is underlaid by crystalline rocks which the author 
calls the “ basal complex,” and which he regards as pre-Paleozoic, but 
in the center of the Colony is an almost horizontal sandstone formation 
overlying the contorted and schistose crystalline rocks of the “ basal 
complex,” and along the coastal area aré recent deposits of great thickness. 
The basement complex consists of a series of para-gneisses, mainly of 
sedimentary origin, cut by granites, diorites and other plutonic phases of 
the calc-alkalic series, and possibly by a few andesites. Over these is 
the nearly horizontal series of sandstones, conglomerates and a few 
porphyry tuffs, without fossils. Their thickness is about 1,900 feet. Their 
age is unknown, but they have been tentatively correlated with the Ro- 
raima formation of British Guiana, which Liddle thinks may be Cre- 
taceous. The coast deposits are fluviomarine, continental and _ lateritic, 
probably of Pleistocene and Holocene age. 

The main portion of the volume (pp. 96-453) is devoted to a petro- 
graphic discussion of the specimens available for study. This is very 
well illustrated by many photomicrographs. 

The book is furnished with an index of place names, another of 
specimen numbers, and a detailed table of contents. 


W. S. BAYLEY. 
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BOOKS RECEIVED. 


Evolution Yesterday and Today. By H. H. Newman. Pp. 171. 
Williams and Wilkins Co., Baltimore, 1932. Price, $1.00. Another 
Century of Progress Series volume that presents in popular lan- 
guage for the general reader the progress, evidence, changes, fac- 
tors, theories, and biological and physical background, of evolu- 
tion of animals and man. ; 

Sands, Clays, and Minerals. A magazine devoted to economic min- 
erals. Volume I, No. 1. 40 pp. April, 1932. Quarterly, published 
by Algernon Lewin Curtis, Chatteris, England. Price, 5/. A new 
geologic magazine, with ten good articles, partly geologic, partly 
technologic, on non-metallics. There is a place for it, and we 
hope it prospers. 

Service Geologique de Pologne, Vol. 6, Bull. 4. By nine authors, 
with resumés in French and English. Warsaw, 1932. 

The Stratigraphy of the Central Basin of Tennessee. By R. S. Bass- 
LER. Pp. 268, pls. 49, figs. 4, maps 4, index. Tenn. Dept. of Educa- 
tion, Div. of Geology, Bull. 38. Nashville, 1932. This treatise by 
the head curator of geology of the Smithsonian Institution, U. S. 
National Museum, includes a series of geologic sections from dif- 
ferent counties to illustrate stratigraphic relationships, followed 
by more detailed description. Excellent illustrations show hun- 
dreds of fossil species and twenty general views of stratigraphy. 

Copper Deposits Near Keating, Oregon. By James GiLLuty. Pp. 
32, pls. 3, figs. 2. U.S. Geol. Survey Bull. 830-A. 1931. Price, 15 
cts. 

Sampling and Estimation of Ore Deposits. By C. F. JAcKson AND 
J. B. Knarpet. Pp. 154, figs. 35, index. U. S. Bureau of Mines, 
Bull. 356. 1932. 

Geology and Coal, Oil, and Gas Resources of the New Kensington 
Quadrangle, Pennsylvania. By G. B. RicnHarpson. Pp. 102, pls. 9, 
figs. 6. U.S. Geol. Survey Bull. 829. 1932. 

Water-Power Resources of the Rogue River Drainage Basin, Oregon. 
By B. E. Jones, W. Oakey, anp H. T. Stearns. Pp. 97, pls. 25, 
figs. 17, tables 14. U.S. Geol. Surv. Water Supply Paper 638-B. 
1932. 

Gold Quartz Veins of the Allegheny District, California. By H. G. 
FERGUSON AND R. W. GANNETT. Pp. 139, pls. 58, figs. 46. U. S. 
Geol. Survey Prof. Paper 172. Washington, 1932. Price, $2.00. 

Geology of the Obuasi Goldfield (Gold Coast). By N. R. JUNNER. 
Pp. 43, pls. 22. Gold Coast Geol. Survey, Mem. 2. London, 1932. 
Price, 5/. 





The recently published 20-volume index (336 pages) of Economic Grotocy for 
1905 to 1925, compiled by J. M. Nickles, may be obtained for $3.00 from W. S. 
Bayley, University of Illinois, Urbana, TI. 
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SCIENTIFIC NOTES AND NEWS 


Leo J. Krige has been appointed acting director cf the Geological 
Survey of the Union of South Africa. 

D. H. McLaughlin, of Harvard University, has left for a short trip 
to Durango, Mexico. 

H. DeWitt Smith is on a trip to Colombia, South America. 

D. M. Davidson has returned from the Mufulira Mines, Northern 
Rhodesia, to his home in Minneapolis, Minn. 

W. J. Wilson has gone back to Nigeria after same time spent in London. 
<. T. Mellor recently came to London from South Africa. 

*. DeGolyer has recently been elected president of the Montclair So 
ciety of Engineers, a local organization including 350 engineers of all 
classes. 

C. F. Bowen, of the Standard Oil Company of New Jersey, has re- 
turned to New York from South America. 

J. B. Tyrrell has been making an examination of gold prospects in 
the new Swayze district in northern Ontario. 

William T. Thom, Jr., and Edward Sampson, of Princeton University, 
have been conducting a field trip to the Yellowstone and Big Horn region 
of Wyoming. 

Howard James, geologist of Granby Consolidated, Anyox, B. C., is 
taking a similar position at Bridge River for Pioneer Gold Mines. 

Noel H. Stearn, of the Silurian Oil Company, has been made vice- 
president of the Southwestern Quicksilver Company, owners of the first 
mine to operate in the new Arkansas cinnabar district. 

H. T. Ferrar, assistant director of the Geological Survey of New 
Zealand, died recently at Wellington. He was geologist of the first 
expedition by Scott to the Antarctic. 

George F. Kunz, a well-known authority on gems, and vice-president 
of Tiffany & Company, New York, died on June 29, at the age of 76. 





Copies of books mentioned under “ Reviews” or under our “ New Book List” 
(see advertisement page) may be purchased through our Journal Bookshop by 


writing to W. S. Bayley, University of Illinois, Urbana, III. 
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